| UC-NRLF

e $B 5Ly 717

13 AT MR



e o

o8 —
$ ,N\W'

' REESE LIBRARY
g\,@{:IVERSITY OF CALIFORNIA.

Bésgved . Pl L el 1883

Accessions No._.2.22 38  Shelf No

3

e









EXPERIMENTAL RESEARCHES

INTO THE PROPERTIES AND MOTIONS. OF

FARE kS

WITH THEORETICAL DEDUCTIONS THEREFROM.

BY

WM. FORD STANLEY.

OF THE

*quVWR%ITY
NdLIFoR IR/

LONDON:
E. & F. N. SPON, 16 CHARING CROSS.
NEW YORK: 446 BROOME STREET.

All Rights Reserved.






PREY ACT:

ALTHOUGH I feel personal prefaces are objectionable, I think it
due to those who may follow me in this treatise to point out certain
limits of my knowledge of the subject treated. I will therefore briefly
state the circumstances under which it was written. FEarlier than
the past five years I had no intention of specially studying the
subject, and had certainly no idea of writing upon it. I had previ-
ously to this period taken for the amusement of my leisure an ex-
perimental examination of the undulatory theory of light, which I
could not satisfactorily comprehend. In following up my experi-
ments for two years I found my eyesight impaired, and was advised
that it would be necessary to leave these experiments, and also
close application to reading, for some years, which I did very
reluctantly. One branch of experiment, somewhat relative to my
former studies, however, appeared open to me. The theory of un-
dulation of light was generally introduced to our conception by
philosophers by similitudes of the motions of water-waves and
sound-waves; I thought I would investigate experimentally, as far
as possible to me, to be assured our conceptions of these motions
were real, upon inductive principles, similar to those I had been
employing for investigation of light. In this subject, taking no
preconceived theory whatever for my experiments, I soon became
absorbed in observations of the motive effects evident in the direc-
tions taken by impressed forces in fluids under various conditions
of resistance; wherein it appeared to me quite evident that there
was yet an immense amount of work to be done in researches in
the motions of fluids, before theoretical principles of the sciences
of hydrodynamics and acoustics could be fixed upon mechanical
principles with any great precision. It was therefore clear to me
that in this direction I might, if I had the ability, enter upon fields
of research quite as new as in my former studies.

At the commencement of my work, looking as briefly as I could
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into the works of others in search of purely mechanical ideas, it
appeared to me that in science with respect to fluids, as in the earlier
periods of some sciences which have become in our time exact, as
those of astronomy and chemistry, too great reliance had been placed
upon some ingenious theoretical idea which was not clearly and
sufficiently supported by direct observations or by experiment, there-
fore necessarily only brought to bear on facts by the introduction
of somewhat arbitrary functions; whereas too little dependence had
been placed upon purely inductive methods. Thus, to take an in-
stance in the philosophy of wave motions, it was in the first place
certain that wind naturally produces waves upon water, as we find
evident upon the surface of the ocean. Then from such knowledge it
would appear to be most logical for researches into the principles of
oceanic waves, to investigate the action of the wind upon a liquid sur-
face; for in this case, if we obtained a clear perception of the principles
of this action, by finding causes sufficient to produce waves, it would
then be quite clear that the same mode of action would mainiain
the waves when produced; and that with this knowledge, if we could
attain it, in so far as the production and maintenance of waves were
concerned, our ideas would be fairly complete. 'We might then, as
a secondary consideration to this, investigate the constant action of
gravitation in bringing the surface to equilibrium, as we know that
when waves are produced, and the wind ceases, that for a short
time, the waves will continue active, and this after action might
be entirely by pendular oscillations or otherwise, which could
not have been so logically considered at first, being only, as it
were secondary effects. So that if we reverse this order of research,
as is general in wave philosophy, and commence our investi-
gations by following the principles of oscillations of fluids through
gravitation only, even assuming our ideas actual and not theo-
retical, this ' would clearly as a starting-point, be begging the entire
question; for in this we have to suppose the waves as already ex-
istent at the time of our researches; so that the causes and effects
of their production, which are also evidently #iose of their main-
tenance, the important parts of our research, are left quite out of
the question. I mention this only as an instance, and I do so with
the full conviction that oscillation enters as a principle into wave
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motions at all times, although most evidently in the dissipation
of impressed forces to equilibrium upon the open liquid surface.
For the work before us, wherein I hope some of my ideas may be
accepted, these I anticipate of very different values. Thus, the first
three chapters are speculative, and even in parts hypothetical; they
are generally attempts to apply mechanical principles to hydro-
statics, and needed on some points much more leisure than I could
command. The first chapter I felt necessary, to offer some theory of
the fluid condition that appeared to me consistent with our acquired
knowledge of matter and with my experiments, particularly to
account for the rigidity and yet mobility of liquid systems. In the
second chapter on liquid surfaces I have ventured to differ from the
generally accepted theory of Zensile surface for liquids, founded on the
researches of many great philosophers, from Segner (1751) to Clerk
Maxwell. My experiments have led me to take quite the oppo-
site view, namely, that such surfaces are exfensile instead of tensile;
except for free films, which are clearly fensile by the position of
the attractive matter which composes them. This subject I think
I may have insufficiently worked out, although my experiments in
this, as in most other subjects taken, are ten times the number
given. In the third chapter some propositions are offered which
will, I am sure, need partial correction. In the fourth chapter and
onwards I think my work is more important, and this may be taken
quite separately from earlier more speculative parts. The theory
I develope of rolling contact of fluids moving upon static bodies
will possibly be established by any amount of further research.
With this, I believe quite original work, I have taken as great care
as I was capable of. In the fifth and sixth chapters I offer prin-
ciples of conic resistance in fluids which give simple mechanical
laws for the class of motions sometimes defined as vortices, eddies,
and cyclones. These mechanical laws may be ultimately shown
to be general, if not the universal principles, upon which all fluids
move by displacement upon themselves; which will open out new
theories of fluid motion.. The eighth chapter, on resistance of
solids, is very incomplete on certain points for want of sufficient
research into the works of others and more experiment; therefore
it may be considered to be in a certain degree speculative. The
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ninth chapter, on diffusion of fluid forces, I believe to be important,
although it méy need more experimental demonstrations than I
have given.

In the Second Section, devoted to the discussion of cosmical
phenomena in fluids, I have in some parts of this work followed
certain ideas proposed by Lenz, Herschel and Dr. Carpenter. By
further introducing principles of motions in fluids that I have dis-
covered, I am able to propose certain universal systems of motion
for fluids upon the globe; consistent with the distribution of land
and water as it exists, and at the same time such as will constantly
influence this distribution. I have some hope that these researches
may aid in the elevation of the sciences of physical geography and
meteorology, now sciences of observation, to sciences of principle, to
rank at some future period with such exact sciences as astronomy
and chemistry, and that the principles proposed may be of some
value also to systematic geology. I have no doubt, however, that
my propositions will need much future correction to adapt them
to local circumstances, and altogether, I consider my efforts only
the commencement of systematic work in this field of research.

For the Third Section, on Waves, after making many experiments,
I found my experimental inferences agree most nearly with ideas
first published by M. Flaugergues in the Journal des S¢avans, 1789.
His principal experiment is, however, very rough, namely, the
striking of a liquid surface with a copper rod to generate waves. But
his separation of the functions of protuberances and hollows appears
to me most rational to observation. Following these ideas, and
endeavouring to refine the like experiments, I fell into a track
which had already been traversed without my knowledge by the
important experiments of Mr. J. Scott Russell, of which I had
found no reference in any work on hydrodynamics or physics that
previously came to my hands. But as I was working for the
demonstration of principles only, I do not regret the want of this
knowledge at first, for if I had possessed it at the time it would
have materially curtailed the interest I took in my experiments, by
which alone I have attempted to study principles throughout this
work, and my opinions of wave phenomena, whatever they may be
worth, would have been less original. I have, however, replaced
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Mr. Russell's work for my own where it appeared more demon-
strative. '

I have written a Fourth Section that is really necessary to
complete my work—upon sound motions in fluids; which is with-
held from publication, references to which are now unavoidably
mixed with this matter. This part was written in continuation
of wave motions. I think it may perhaps be an important part,
having devoted much time to it, but I commenced it first, and
completed it before the important inventions of Telephones by
Prof. A. Bell, and its congeners the Phonographs and Microphones
were diséovered, which instruments I have not had much time to
consider, but think they will under experiment materially assist
me in demonstration of the principles introduced. I therefore
defer the matter of sound motions in fluids for a year or two to
repeat my experiments. Some of the propositions of the first
chapter were specially written in reference to sound motions, as in
the theory adopted I thought it necessary to assume a condition of
quiescent equilibrium for fluid molecules to demonstrate the action
of compound sounds. This would possibly not have been necessary
for the proposition here given of the ordinary motions of fluids.
Further, in omitting the fourth section, I was compelled to with-
hold a proposition relative to conditions of sfa#ic in comparison
with motive equilibrium of molecular motions in fluids, in the first
chapter, which would have been incomprehensible without further
development in the fourth section on sound; I feel this withdrawal
leaves the first chapter, now condensed from what was formerly
two chapters, in a certain degree abrupt and incomplete.

My work is thrown into propositions, which is perhaps a rather
pompous style for such a work, but I mean by .these only some
things proposed. 1 adopted this system as it appeared to give
me liberty to offer speculative ideas freely, and at the same
time to keep them in more concrete form, which was necessary for
such intermittent work as I was able to carry on when leisure
permitted. I intended at first to use these propositions, which
were purely, notes made in presence of my experiments, only as a
scaffolding to erect my ideas, intending to remove this entirely
after I had completed my book, supplying its place by some more
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modern form of writing, but I found this would be more difficult
and tedious than anticipated, so that I now leave it in its rough
state, and must therefore depend for my readers on the smaller
number who look at #kings rather than jforms. Further, I have
not for the same reasons attempted quantitative or numerical
deductions, except in a few cases, as I am sure this may be done
better when my ideas are proved or disproved, as it would also be
better done by others who possess superior educational advantages
over myself. Altogether I propose my work as a primitive sketch
of the subject from which I anticipate, perhaps vainly, that more
perfect work may be reared at a future time by some highly edu-.
cated mathematician who may care to follow me, and clothe with
his skill the rude, although I believe natural, underlying forms
that I have brought in some cases to light.

I hoped, when my work was complete in its present form, to have
obtained the assistance of some well read, or well instructed student
to edit it for me, but after a great amount of correspondence, failing
in this, I endeavoured to get my proofs read from press by some
eminent men to whom I thought the originality of my researches
might be of sufficient interest. In this matter I partially succeeded,
and am greatly indebted for valuable occasional critical notes to
the kindness of Prof. F. Fuller, who read my first proofs of chapters I.
to VIL inclusive, also chapter X. I am also indebted to Prof.
Stokes, who only gave me a very conditional promise of help at
commencement, for valuable critical notes on parts of chapters I.
and ITI. If I could have obtained a little more assistance of this
kind, there is no doubt my work would have been of much greater
interest, and I could have avoided many faults. I am also indebted
to Prof. Hay for some logical and grammatical notes, and for assist-
ance with the index.

- South Norwood, Aug. 1881.
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EXPERIMENTAL RESEARCHES
PROPERTIES AND MOTIONS OF FLUIDS,

THEORETICAL DEDUCTIONS THEREFROM.

SECTION 1.

THEORETICAL CONDITIONS OF THE FLUID STATE AND MOTIVE
PROPERTIES OF FORCES IN FLUIDS.

CHAPTER 1.

PROPERTIES OF THE FLUID STATE OF MATTER.

1. Introduction.—a. Sir John Herschel tells us that “If there be
one part of dynamic science more abstruse and unapproachable than
another, it is the doctrine of propagation of motion in fluids, and
especially in elastic fluids like the air, even where the amount and
application of the original acting forces are'known and calculable.”
This was written at a time when contemporary science regarded
fluid as inert matter which moved only as it was moved by exterior
forces, so that the directions and values of these forces only were to
be considered as active upon mobile matter in perfect equilibrium.
By our modern dynamic theories of fluids we assume that the
molecule of a fluid is active, and is never at rest in a state of equili-
brium. Therefore the difficulty of research in motive forces in
fluids under the impression of exterior forces becomes almost in-
finitely greater, as we have now not only to consider movements by
the impression of forces upon the molecule in a position of equili-
brium; but we have to consider its movements in composition with
other motions that exist already within its highly motive matter; and
although there may be a general equation of the sum of these move-
ments, any system of motion assumed to progress from molecule to
molecule only will be irregular both in its velocity and in its course.

1
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These difficulties appear to me to be so great that I cannot pretend to
any powers to meet them. I therefore feel bound to follow the track of
all writers upon acoustics, hydrodynamics, and chemistry in consider-
ing the atoms or molecules of fluid matter to be by some cause in
a state of sensitive equilibrium, and motive only so far as experi-
ment alone indicates; at the same time it must impressevery thought-
ful man who follows the evidences of his times that there exists a
perfect continuity of equivalence for the conservation of all forces,
although these admit only of observation under special motive
forms. This I believe was first ably pointed out by Sir W. Grove
in his Correlation of Plhysical Forces; but it is further developed
almost to a certainty by the careful researches of Dr. Joule for pos-
sibly the most difficult case of correlation, namely, that between
mechanical forces and the action of heat. It nevertheless does not
appear in this last case, any more than in others, equally certain that
such forms of impression of force as we may produce mechanically
shall be reproduced by like forms as heat; for in this, mechanical
forces themselves may be converted into other forms, as, for instance,
the direct impulse of the clapper of a bell produces in the bell
vibration, and in the air sound motion ; further, we have no possible
evidence of any molecular motion whatever, so that we may have
by equivalence of energy a dynamic unit represented by any force,
as by a pressure, a vibration, a free trajectory, or otherwise.

4. The diffusion and pressure of gases by assumed locomotive or
trajectory forces in free molecules, founded on theories of Clausius
and Clark Maxwell, present to the mind a very cogent theory for
the action of heat in these bodies. But the existence or presence
of such free motions appears to my mind to entail immense diffi-
culties for the relative consideration of other forces, as, for instance,
in our most exact science of chemistry, where the motions of atoms
become, if anywhere, most evident, and the atoms of matter in com-
bination and dissociation appear, as far as outward evidence is con-
cerned, either to approach or to recede once only ; the same observa-
tion will apply to forces of cohesion and of diffusion. It appears
also that a state of equilibrium for every particle is required by our
theories of the motion of sound in air, where the molecular equili-
brium is generally assumed to be perfect’and highly sensitive, as in
Lord Rayleigh'’s important work ; or for such experimental cases as
those considered by M. Plateau in his eminent work, Statigue
expéyimentale et théorétique des Liquids soumis aux seules forces molé-
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culaires, for capillary and other conditions of assumed equilibrium.
There is no doubt that under the condition of perfect equilibrium,
a particle would be motive by the constant active presence of exte-
rior forces; but as these forces would be exterior only, they would
be subject to general laws of impression only.

c. Upon the above conditions it appears to me that some of the
difficulties of conception of a possible sensitive equilibrium of the
molecule, as it appears experimentally to exist in fluid matter,
may be met in that the same value of the dynamic unit of forces
may be found either in any form of motion or in the static con-
servation of its force. This last has been compared to the
conservation of energy in bent springs, which has been applied to
cases wherein active forces appear to be lost, as where heat forces
become latent. Such cases, it appears to me, may be realized by
assuming certain physical conditions in the construction (if I may
so term it) of the atom or smallest part of matter. For this I shall
offer some ideas, partly only original, to support the conditions of
energy and of equilibrium of the particle, as it is established by the
doctrine of position relative to attractive forces, or of potential
energy, wherein a particle raised or pressed to a static position
by a force that acts inversely to, and exceeds its attraction to
other matter, may cause the particle to rest in or about this new
static position, from which it may react at another time with force
equal to that employed in its original elevation or pressure. This
matter I find most clearly and ably discussed by Dr. Balfour Stewart
in his work on Elementary Plysics, §§ 100, 240, &c. ; however, I shall
confine these speculative matters entirely to the first chapter, as I
take my hypothetical ideas of molecular forces in fluids to be quite
secondary to the purposes of this work; I will also endeavour to .
treat this part of my subject in all cases as briefly as possible.

2. Fluidity of Bodies.—a. Perhaps the most simple definition
of fluidizy would be that derived from the Latin, for which we may
take fluens or jfluidus, which words will particularly indicate the
material property in a body of flowing. Taking this definition, and
conceiving a fluid body to be alike in all its parts, and that these
parts are coherent to each other, which appears physically to be the
condition of all conceivable matter, we may then clearly define a fluid
as homogencous matter that can flow in continuous mass.

0. If in this manner we take the fluidity of a body to be its physi-
cal property of flowing simply as here proposed, which will be in
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every way convenient for this treatise, then this property of fluidity
will be a relative quality, dependent upon the facility with which
the constitution of the body permits it to flow from any cause, that
body being considered to be the mosz fluid that can flow under the
impression of the smallest amount of applied force. Under this con-
dition, if we make no special definition of the mode in which the
force is to be applied, we may include in our considerations all
forces possible to affect the flowing or fluidity of the body. There-
fore these forces may be interior or intermolecular, or be applied
exteriorly, as, for instance, the force that produces the fluidity of
a body may be generated by intermolecular repulsion by heat, or
by electricity, if such forces cause molecular repulsion, as they
appear to do, or by molecular vibration, as supposed by some, or
percussion and recoil of free trajectories, if it is possible that mole-
cules can possess such forces in continuity. The fluidity may
otherwise appear as an effect of exterior forces, as by the action of
gravitation pulling the molecules in mass systems to a level surface,
thereby inducing equal gravitation; or by pressures, as in the coin-
ing of metals, in which case otherwise rigid solid bodies flow into
the interstices of a mould. Under the impression of extreme ex-
ternal pressures every form of matter might be demonstrated to
possess some small functions of fluidity or of flowing, the quality
here defined.

¢. Taking the above conception of fluidity, it becomes evident
that when we endeavour to define the exact limits of flowing
quality which we may think to be sufficient to qualify a body as a
Suid, there will appear at once to be a difficulty in defining the
exact amount of the flowing quality in which this definite form
of matter should be considered to commence. This we may con-
ceive, in that it would not be an extremely difficult task taking all
known bodies, simple and compound, to arrange them in a
long consecutive series jupon the principles here given of the
flowing quality alone, that the series might extend proportionally
to the fluidity each material possessed from the most attenuated
gas to the densest solid at some temperature taken. To follow the
conditions of this idea we might take, for argument sake, the fluidity
of bodies that we might imagine would rest at the extreme ends of
such a relative series; say, for instance, a Sprengel pump vacuum
off hydrogen for the most fluid end, and steel for the opposite most
solid body in which we could trace elements of fluidity. The part of



2 Art. QUALITIES OF FLUIDITY. 5

such a series where a body could jus¢ flow to a level surface under the
action of gravitation upon its parts might be possibly near the centre;
we will assume that in this centre the mean proportional body may
be represented by treacle. Then, in this case, for the definition of
a fluid we might conceive of the whole series we have arranged,
that on one side of this central line all bodies would be solids, and
on the other all fluids. In this case we should certainly find
that when we came more particularly to examine the division we
had made, that on cither side of our selected line we should have
bodies that differ very little from the one we have taken, say, for in-
stance, in this case that we have next the treacle, towards the solid end
of our series, a mass of the kind of resinous turpentine that exudes
from the spruce fir, and on the fluid side some mountain honey. By
taking these instances it is very clear the line we have chosen is in
no way marked for its special fluid qualities from other matter. If
we had taken a point much higher in our series, say copper, which
will fow readily in all the interstices of a die, under the pressure of
a coining press, as a perfect liquid would by gravitation simply, in
this case we might have in our series, towards the solid -end, say
brass, which would ffow less easily, and on the fluid side, say pewter,
that would flow more easily into the die under pressure. It will be
easily conceived that the same proportional quality of fluidity might
occur in any other part of our series that we might select for the
division of bodies, fluid from solid.

d. For another instance of the fluid properties of bodies we may
take the action of the separating force heat, evidently the most
general cause of fluidity. This we find expands most bodies in
approximately equal ratio to the temperature over a certain wide
range, the fluidity increasing in some cases proportionally to the
expansion. Take for instance glass.  This when cold forms a dense
homogeneous mass, but as we apply heat after a certain point it
passes gradually through all the degrees of visible fluidity until it
appears as a limpid liquid, without any definite point of change from
the solid to the fluid state.

e. The value of these considerations is, that fluidity may be taken to
be a very general physical property of matter in some degree, and this
opens out to us a road to experiment in some instances, wherein we
may draw inferences from the properties of motion in homogeneous
solids, where such motions can be followed that may be applied in
principle to fluids, bearing always in mind that it is the relative
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fluid property only of these bodies that we follow. This principle
will be taken advantage of in this treatise for a few experi-
ments. i

/- If we return to our imaginary proportional series of bodies
extending from the most mobile fluid to a dense solid, perhaps the
most distinct line that could anywhere be drawn would be between
liquids and gases, as the gas appears to assume very generally a
new force, that of power of wnlimited atienuation. But in this the
important experiments of Andrews and other experimenters point
out to us that the distinction is more apparent than real, and that
physically under experiment liquids and gases have more pro-
perties in common than the most easily defined liquids and solids
under all reservations. :

g It becomes most reasonable to consider upon the above
principles, as is generally assumed to be the case, that the perfect
state of fluidity does not exist in any material body; all fluids
being found to be in different degrees cohesive, viscid, plastic, and
elastic; possessing internal construction of parts, or chemical ar-
rangements which do not admit of a perfect mobility of the
separate parts which would be necessary for the condition of perfect
fluidity. This must naturally be the case, as it does not appear
easy to conceive the possibility of the existence of a mass united by
its own cohesive forces, by which alone it is known to us, of any
unit body whatever, fluid or other, without some such constructive
elements as those indicated above to ensure its unity as a system
of matter, and having this unity forming a cohesive system held
by any imaginary forces; perfect mobility or fluidity would appear
to be impossible, as the mobility of any part must necessarily
break asunder the cohesive forces which produce this unity in the
mass.

/. The above comments are not intended to raise any difficulties
in the definitions of fluidity; for the purposes of this treatise many
bodies would sufficiently represent the properties of fluidity for the
physical experiments that alone will be followed, except for some
comparative demonstrations in difficult cases, where help may be
obtained from the same motive principles, being possibly induced
in other homogeneous bodies or solids. For the general work the
definite fluids water and air alone will be taken, for the construc-
tion of which kind of fluids I propose and adopt the following
theoretical ideas:—
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Apparent Physical Homogeneity of Fluid Matter.

8. PROPOSITION: That a fluid is to impressed jforces physically a
homogeneous system of matter. That it is composed of separate units,
whose jforces, attractive, repulsive, or otherwise motive, are equal in
cack unit, and that in this equality consists the apparent homogeneity.

a. By assuming perfect equality of dimensions in particles of a
fluid, and of each particle possessing equal forces in any system
composed of many such particles, the separate particle being free
from excess of attraction, so that it may rest in a state of sensitive
unstable equilibrium with all external forces; then a pressure upon
one side of the particle cannot exceed that of the sum of the
pressures upon the opposite side without the particle moving to-
wards the minus pressure.- A mass composed of such sensitive
particles would be a fluid. In the above case it is not necessary to
assume the particle-as the smallest quantity of matter. It may be
such a quantity or a larger quantity, provided the state of equili-
brium is perfect.

6. It does not appear that the same sensitiveness of equilibrium
will apply to the position of any particle in contact with a solid or
another fluid, as the surface of the other matter may possess a
system of attractive or repulsive forces that does not conspire to
equilibrium at contact with the first, so that the equilibrium at the
meeting of distinct systems will be less easily defined, as I will here-
after show, than the above.

¢. By the above conditions we may assume that a fluid system
by the equality of forces about the particles will produce a homo-
geneous whole, so that any force that has sufficient power to break
or disturb the physical construction of one portion of the fluid
mass will also have equal power over any other portion. Therefore
friction of resistance to a moving body in the fluid will be simply in
the ratios to functions of cohesion of the nearest particles of the mass
of the fluid to the moving body, and not as a function of the weights
of matter superimposed, or pressing about or above the moving
body that is resisted. For in the construction of a fluid, if we were
to imagine it as a simple aggregation or admixture of equal detached
separate particles of loose free mobile matter, however small, not
perfectly arranged upon a plan capable of producing perfectly homo-
geneous equilibrium, or of equal smoot/iness in the mass, it would be
evident that in direct ratio the particles might be jambed to-
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gether or held down by the weight of others above; each particle
being a separate identity, they would interlock, and the resistance
to impression of force within the fluid would increase. This would
be unquestionably the case with separate particles of every form of
solid matter under the action of gravitation or of pressure, whether
whole or in division. For instance, powdered chalk may be com-
pressed to a very resistant solid; or if we were to take a pile of
smooth papers the friction of moving laterally one of the lower
sheets would be nearly as the weights of the sheets above it. It
is not difficult to be assured that entirely different conditions to
the above hold with every possible fluid.

d. It was possibly under the influence of a theory prevalent in
the seventeenth century—that a fluid was a mass of detached par-
ticles, representable by a mass of fine dust, motive or quiescent,
without connective functions—that Newton investigated the pro-
perties of a fluid as infinitely fine matter endowed with repulsive
forces to assure its equilibrium, the particles of which could repel
each other with forces that were inversely as their diameters. In
this theory resistances in a single fluid were shown to be as the
general specific density of the fluid simply. The experiments offered
to prove this are to be found in the scholium at the end of the seventh
section, second book, of the Principia. For our present purpose
these experiments show the perfect homogeneity and internal
equilibrium in this case of liquid matter, as we find no palpable
increase of friction shown by resistance, by increase of pressure, or by
the weight of liquid above a body moving in it. In the experiments
in the above scholium to which I wish to draw attention, Newton
loaded small balls of wax with lead until they descended very slowly
in water. In this way he found that gravitation acted in equal
accelerative ratio in decp water as in skallow, or that, deducting the
resistance of the inertia of the fluid in contact as a constant in the
ratio of its specific density, these bodies fell as in vacuo.

e. In the experiments of Coulomb upon the viscosity of fluids
the perfection of the homogeneity and internal equilibrium of
liquids is equally assured by the equality of resistance under the
adhesion of the liquid to a solid at great differences of pressure from
superimposed weights. Coulomb caused a circular disk of tin plate
of about five inches diameter to oscillate by reciprocal rotation by
the torsion of a fine wire at various depths below the surface of
water, carefully measuring the amplitudes and times of the separate
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oscillations. With this apparatus, whichis said to have been admirably
constructed, he could discover no difference of resistance, after
proper correction for the surface of the wire was made, whether the
disk oscillated near the surface of the water or at a depth of five
feet, although the difference of superimposed mass, and consequently
pressure, was immense. Perhaps this is the best experimental evi-
dence that we possess of the perfect physical homogeneity or struc-
tural equality that evidently exists in so perfect a fluid as water
under great difference of pressure. I do not think, however, that
this homogeneity will enzirely account for the phenomena given by
Newton and Coulomb, of equal resistance at all depths, but it does
so very nearly. I will, therefore, supplement this by another pro-
position further on (9 Prop.).

Construction of Atoms forming Fluids and other Bodies.

4. PROPOSITION: Tlat a simple gas is a fluid composed of atoms,
or the smallest divisible parts of matter; these atoms being infinitely
tough and infinitely elastic bodies endowed with polar attractive forces
by which they symmetrically unite.

a. The atom may be to human perception a particle infinitely
small. It is said that a ten-thousand-millionth part of a grain of one
of the densest bodies, gold, can be made a visible quantity to the
eye, and that this quantity may be more than multiplied by itself to
go to the limit of detection of its presence chemically. So that even
supposing this to be the limit of size for the atom, which it evi-
dently is not, the mind is lost in the conception of it, even within
manipulatory range of its smallness. Nevertheless the distinct
characteristics of atoms as natural bodies may be made evident in
many ways, particularly in their power of combination with other
atoms in definite proportions, which are found to be generally in
equal quantities or multiples of their unit volumes in the gaseous
state of the body. ‘

b. It is said to be demonstrable that a solid body, however small,
may, by division in parts that may remain in partial contact, fill a
space, however great, so that assuming the atom sufficiently small,
the gas may be a body of atoms in contact, and in this form possess
all its observed or much greater tenuity.

¢. Every known hard body has an elastic surface; if the atom has
such a surface, which deflects under pressure by some function of
the pressure to the distance of surface impressed, or that the deflec-
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tion is inversely as the square of the pressure, #his deflection
commencing upon contact by a quantity of pressuve infinitely small.
The pressures to the volumes of gases could as well be accounted
for by this means as by any other, without the necessity of sup-
posing the atom to possess propulsive forces or to act where it is not.
There is no physical reason to assume the atom being infinitely Zard
as is general: in assuming it infinitely foung/ and elastic, this would
equally insure its permanent durability, or it might possess an in-
finitely hard nucleus and an infinitely elastic surface, which I think
is most probable.

d. 1t is easily seen by the smallness assumed for the atom, that
a very small absolute material deflection of its surface would
materially decrease the volume of a physically measurable mass.

e. The elastic surface forces of the atom may be énzcreased or even
caused by heat. But it is not necessary to assume that the same
amount of heat force per atom should produce an equal elastic
envelope about it. There is strong evidence that this is not the
case. We know that it takes a much higher temperature to render
gold gaseous than it does mercury, and this a much higher tempera-
ture than hydrogen, whereas at the gaseous temperatures of these
bodies the elastic forces may be nearly equal.

/- It appears to be quite possible that the increase of elastic
force about the atom caused by heat is constantly equal to the
amount of heat present, so long as the body remains in the same
state, although the general dimensions of the body may indicate
the reverse of this. Thus, the experiments of Arago and Fresnel
show, that although the exceptional body water increases in bulk
from 4° Centigrade downwards as well as upwards, by defect as well
as by excess of temperature, that both in the time of its descent
while it remains liquid, and in its crystalline form as ice, the
refraction index of light passing through it increases at all times in
ratio to the loss of heat, as though the water continuously con-
tracted, or that the structure of the water became more dense. In
this case it appears to me that we must assume so far the action of
polar forces, that the refractions are relatively proportional to the
molecular structural density, and irrespective of the molecular inter-
spaces shown by the measurable mass of the outer volume.

5. PROPOSITION: 7at in a gas the elastic exterior jforces of the
atom may be partly absorbed at the points of contact by attraction, and
form thereby a more dense gas, or liguid, or other material body.
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a. Two volumes of like or of different gases may form a bulk
equal to two volumes at equal pressure. In such cases the atomic
clasticities are assumed to remain about the atoms in exterior con-
tact, except as they are mechanically pressed together; such mix-
tures we have in the compound atmosphere formed of oxygen and
nitrogen.

4. Compound gases may form mixtures at equal pressures which
are in volume fractions of their separate volumes, as half, one third,
two thirds, &c.  Thus two volumes of hydrogen and one of oxygen,
that is, #free volumes united so that they form vapour at say
120° C. occupy the space only of fwo volumes. If we imagine that
at the point of contact of the atoms of oxygen and hydrogen the
cohesive forces of these bodies (which as chemical forces we know
to be great) exceed or in some way absorb the greater part of the
inter-elastic resistance between the atoms, the elasticities that re-
main will be now.exterior only, or principally upon the surface of
the tri-unit molecule formed by the force of combination.

¢. Two atoms of a gas may unite by polar forces, or otherwise, in
a similar manner, to form the bi-unit atom or molecule, and this
bi-unit may have exterior elastic surface forces only or principally,
as we may possibly presume from chemical combinations is the
case with hydrogen, chlorine, and other elements. It is possible
that atoms have polar points where attractive forces are only or
mostly active, which are special to the particular kind of atoms, but
that the elastic forces are equal in all directions about the atoms.

d. Asall gases expand equally by equal increments of heat forces
from the same temperatures, it is clear that the exterior elasticities
here proposed will be equally affected by heat for all simple
atoms, so that all bodies in separate atomic conditions of 4 prop. e
are equally elastic upon the atomic surface.

e. It is possible that heat may be the entire cause of the surface
elasticity of the atom as just proposed. The atom being without this
force infinitely %ard, and infinitely aftractive to other atoms; this is
consistent with the known properties of chemical attraction and of
heat to separate atoms, that is, to expand matter. In this case all
matter to be palpable must be coherent (attractive) in its parts in
excess of a large amount of its elastic surface resistance, the sepa-
rate atomic or free elastic state being invisible in all matter. It
would also follow that without heat all matter in contact, by this as-
sumption, would coagulate and become a perfectly dense solid mass.
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/- If we assume the elastic forces equal about every atom of
matter, a probable condition, then the density of matter will vary
directly as the attractive forces have power to overcome the elastic
surface resistances.

£. If we assume an atom to possess a permanently elastic surface
impressionable by contact with another atom by a very small force
for very small distance, also that one atom is attractive to the
other, and that atoms of different materials have different attractive
forces for other atoms, which is entirely consistent with our chemical
knowledge, and that the clastic surface compression of the atom, as
just proposed, diminishes in distance from it in inverse proportion to
the strength with which attraction increases between the centres of the
atoms—then in this case it is possible that ckemical atiractions will
be jforces active directly proportional to the neavness that the atomic
centres can by their altractions approackh each other through the re-
sistance of the clastic surface; the chemical forces overcoming the
elastic resistance in few cases entirely, if in any.

B C

@0 @@ @@

Fig. 1.—Theoretical Atoms.

/. Thus in the diagram above, A may represent a slight atomic
affinity (attraction), but insufficient to overcome any part of the
elastic surface resistance, the condition of a permanent gas under
no pressure. B, a greater chemical attraction, or an ordinary
cohesion. C, the greatest possible cohesion, in this last case the
chemical attraction entirely overcoming the elastic resistance, so
that a perfect bi-unit compound is formed. If such a bi-unit is
possible, its atoms would be afterwards inseparable, and it would
be to science a new element, so that possibly this last is a limit
of positive attraction never reached, or reached only in a few cases
wherein we find that two chemical elements, as nearly as modern
analysis can isolate them, possess properties that are very nearly
“alike.

z. If the action of heat is the cause of the elastic forces about the
atom under heat expansion, the atoms B may be separated as shown
at A by heat under no pressure. It does not follow from the above
that a mass formed by such attractions as represented by B for two
planes of the atom should be of density proportional to the distance
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of atomic attractions into elastic resistance per se¢, as we may
naturally conceive that any mass may be by further attractions of
its molecules rendered more or less porous or crystalline, or other-
wise molecularly arranged to possess a different structure.

J- It will be readily seen by the above conditions (g) that chemi-
cal attractions at a certain temperature acting upon two atoms may
much exceed the elastic- surface resistance, or they may be of such
character that these forces of attraction and elastic resistance are
in equilibrium by slight indentation of the elastic surface. In the
first case the chemical compound will be sfzéle, in the second
unstable.

%. Further, we may assume that compression, by bringing the
atomic centres nearer together, will strengthen the atomic attractive
forces proportionally, so that in this position the attractive forces
may overcome the elastic surface resistances, and form a compound
that will be stable, or stable in a certain degree, as a gas may become
a liquid or a solid. This may also be effected either by cold, or
by cold and pressure.

/. In a static mass or compound, heat forces acting in opposition
to the attractive forces of the otherwise stable unit may increase the
elastic force, and separate the atomic centres for a certain distance,
that is, expand the outward body, yet still, by the superiority of the
attractive forces the unit will be to a certain extent stable in its
expanded state. On the other hand, in an unstable compound
the equilibrium may be such that any increment of heat that
may instantly overcome the attractive central force will entirely
release the atomic elastic forces. This same effect may also occur
from motions of freedom by release of pressure, or by frictional
separation, or by vibration. This is the condition of unstable com-
pounds of the explosive class. It is possible that at some low
temperature every mass of material is stable, and at some higher
temperature every mass is unstable.

m. The attractive forces of the atoms of matter appear to be dis-
tinctly different for different elements with respect to themselves
and to other atoms, in many cases the densest matter possessing
the strongest attractive forces, as with gold and platinum. The
material with the strongest elastic forces known may possibly be
nitrogen, as this holds its units powerfully apart in the atmosphere,
and does not frequently enter into stable compounds, or form hard
bodies where it is present in relatively large quantity.
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n. When an atom is in such a state of equilibrium with re-
spect to other atoms that its elastic force exceeds the attractive
central forces that surround it, it will form as szable a material or
mass as the densest solid, and the only difference between this state
of the body thus formed from that of a solid will be that compression
upon its elastic exterior form will react with equal force upon re-
moval of the compression it at first received; whereas compression
in a system, with great excess of central attractive over elastic
resistance, will increase the central attractions, and be less reactive
through elasticity; this last case may be evident for the conditions
of a gas, and by the next proposition it will be equally so for a
liquid, which may resist pressure with greater force than a solid com-
posed of the same elements at lower temperature.

o. If the atomic surface is infinitely tough and elastic, this, as here
proposed, will give perfect elastic reaction, and will be a sufficient
cause to preserve the atom as an intact body. The absolute depth
of elastic surface from the entire size of the atom will be very small,
or certainly not a trillionth of a millimetre. Under the ordinary
conditions of pressure of contact a visible elastic body, as india-
rubber for instance, would possibly bear more wear than any hard
body, and the same would occur with the elastic atom.

2. As a further condition, it is not quite impossible that the
atoms of all matter are surrounded with an attractive atmosphere
of another matter, ether or some other body, but this is not neces-
sary to support the theory of an elastic, or, if necessary, an infinitely
clastic surface to the atom.

¢. If the attractive forces between atom and atom act by means of
a material elastic envelope which is a part of the atom surrounding
it within a certain radius, and the forces of attraction are active by
means of this envelope with intensity varying inversely as the squares
of the distances from cenére to cesntre of the atoms, and that this same
entire radius is the extent of the radius of the elastic forces surround-
ing the atomic nucleus, and that this is active as resistance inversely
as the square of the distance from the su7face of an assumed solid
nucleus—then the atomic nuclei of two atoms could never touch,
as the powers of resistance would become infinite at a point of
approach where the attractive forces would only be proportional to
the distance approached towards the centre, which, being occupied
with perfectly dense matter, it could never reach.

7. The simultaneous actionof attraction and elastic repulsion’of this
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proposition may be roughly shown by the experiment of a floating
soap-bubble upon carbonic acid gas. The attraction of the earth
draws the bubble; the elastic gas resists the attraction, and a point
of equilibrium is established for the bubble, where it rests.

Construction of Liquid Molecules.

6. PROPOSITION: That a liquid molecule being formed of atoms, or
of the smallest divisible units of matter, these atoms ave united by
polar or concretionary forces to form: globular molecules of equal
dimensions among themselves, whick are possibly very lavge compared
1o the separate atoms of whicl they arve formed.

a. As we know that there are solid bodies or masses composed
throughout of like materials or elements, it is certain that there
must be modes of attractive aggregation by which the large units
of matter unite in some special manner to form such masses. In
this case the extreme elasticity of the atomic surface would be
absorbed to static equilibrium by the attractive forces of the atom,
by my theory of a gas (5 prop.). Chemistry furnishes us with
abundant proof of the union of matter from such a state of
division that it is at first invisible, but that it forms by aggregation
or condensation liquids or solids. Indeed matter in its atomic or
most divided form appears universally to possess such combining
qualities unless these are held separate by other forces.

6. By this proposition I assume that if there exist a mode of
atomic aggregation, the effects of attractive forces within a definite
radius about separate centres, to which the atoms are attracted, or
by which they in any way combine to form a concrete but separate
system, that such a system formed of separate equal small masses
or molecules, by the separation of parts caused by local attractions
within a certain radius, would be a mobile system, and in this respect
possess functions of fluidity, or it would possibly be a liquid.

¢. If the system of atomic aggregation by consecutive attractions
is linear or continuous upon consecutive parts, or interlacing or out-
wardly crystalline, it will by the mode of adhesion of its parts, or of
these interlocking with each other, form a solid, or in some instances
form a molecular liquid first by separate unit aggregations, and
then by further aggregations of such units, a solid.

d. The system here proposed for atomic aggregation to form a
liquid mass, may be continued in principle to form liquid drops,
when the system is free from the near cohesive forces of other liquid
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mass. Thus atomic aggregation may form concrete molecules of
such size that a mass of these separate molecules will produce a
visible vapour, although the dimensions of each concrete molecule
in the vapour is separately too small to refract light, or to be visible
by any power of magnification possible to human art. Assuming
such molecules to form a visible vapour, the aggregated contact of
these molecules would afterwards form a liquid if there were not
present the interference of air diffused among them. But with such
interferences molecules in a visible vapour not held by great rigidity
of heat elastic surface forces, proposed (5 prop.), may again separ-
ately aggregate and form visible liquid drops, by a similar, although,
I anticipate, less active and less regular attractive force of aggre-
gation than that described above; so that this second form of
aggregation will not establish the uniformity of dimension in the
globe or drop produced, that is possible for the molecule in the first
case formed of equally distributed atoms of its elements.

e. It is possible that a concrete molecule of a liquid may have for
its nucleus an atom of another matter; as, for instance, water may
have for its nucleus an atom of nitrogen or other matter that will
be attractive to both the hydrogen and the oxygen in its aggregated
system when it forms the liquid molecule; the position of this atom
of nitrogen before the molecular concretion assumed being estab-
lished in the mixed gaseous state of air and vapour by polar forces
to be considered in the next proposition.

/- For evidence that the system of a liquid is molecular, or of
such detached parts as to have interstices, we may refer directly to
experiment. Thus if we mix with the liquid wazer an equal volume
of another liquid a/eo/o/, the union of these liquids does not produce
the bulk of the two separately before admixture, but a less bulk, prov-
ing that the one liquid passes in this case into the interstices of the
other. The experiment offered to prove this, is to have a tube of the
form shown below, consisting of two bulbs, with a prolonged tube
at the end of one and a stopper at the other. If the lower tube

Fig. 2.—Specific Density Tube.

and bulb be filled with water, and the upper one with alcohol, the
stopper may be pressed down air-tight upon the liquids, and the
tube will be left quite filled. If this apparatus be now reversed two
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or three times so as to mix the alcohol with the water, and it be
then inverted so as to leave the fine tube upwards, there will be
seen a vacuous space, indicating that the fluids have decreased in
volume by admixture to this extent. It must be observed that
the mixture of alcohol and water is not a chemical mixture, as by
applying heat the spirit will evaporate and the water will be left.
In this matter we could have arrived at the same conclusion by
noting the separate specific gravities of absolute alcohol and of
water, and finding the difference of specific gravity in the mixed
compound, but this experiment shows the conditions more clearly.
The compressibility of fluids is possibly proportional to the porosity
or separation of the molecules.

Some Evidence of Polar Forces in Fluids.

7. PROPOSITION : 7wt a fluid under the action of chemical attrac-
tions whick are at the time producing molecular changes will diffuse
the chemical attractions throughout the fluid with forces proportional
to the polar or directive vigour possessed between the combined or com-
pound molecule and the more simple uncombined molecile that has not
beern under the special chemical action. A liquid or a gaseous systent will
not be in symmetrical polar equilibrium until the cheniical jforces are
distributed equally in all parts of the mass.

a. The conditions of attraction and repulsion (elastic force), which
ultimately give static position to a molecule in a fluid, may possibly
be best observed under conditions of chemical change. This pro-
position is introduced to give evidence of polar or directive action
during this change.

4. A liquid in effervescence, or in ebullition, or under chemical
change, is obviously not in a state of symmetrical equilibrium as
proposed for a static liquid in the last proposition. There is never-
theless most probably a constant tendency to equilibrium, which is
more or less complete in parts of the mass, but so long as there
are polar molecular forces in a system not in attractive contact
with opposite polar forces in other molecules, the system will be
unstable.

¢. That liquids possess polar forces of the same kind as those we
witness in a globular piece of loadstone, may possibly be best inferred
by the action of a corrosive liquid upon a solid which it has the
power to dissolve, in cases where a newly constituted liquid is

formed that is a chemical compound of the two bodies present; the
' 2
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same conditions will also apply where the body is dissolved without
chemical composition.

d. If we place a corrosive liquid in contact with a solid that it
has power to adhere to and to dissolve, the solid will be dissolved
into the liquid, and the original polar system, or cause of attraction,
which produced the cohesion of the solid, will be changed or dissoci-
ated by the polar or attractive forces of the liquid. This is clearly
the case, for if the corrosive liquid-has equal affinity in all directions
to the solid, this affinity would cause the liquid to unite to the sur-
face of the solid, and remain in this position attached to it simply,
so that when the surface of the solid was completely attached to
the liquid, and thereby covered by a stratum of it, no other mole-
cules of the cohesive liquid, for want of space to approach, could
come in contact with it. It is possible that this really occurs in
certain cases, as with silver in hydrochloric acid, zinc under aerial
oxidation, &c. But for the solution of a solid body in a liquid it is
necessary not only that the molecules of the corrosive body should
adhere, so as to unite with the solid, but that this adhesion should
also at the instant possess some mzode of force by which the new
molecule formed by combination’is immediately detached from the
solid in order that another molecule of the corrosive liquid may be
able to approach and to unite with the surface of the solid in the
same manner as the first particle approached and united with it.

e. It is necessary to complete the total effect observed, in addi-
tion to the causes offered above, for the solution of a solid in a free
liquid, that the corrosive particles should have a mode of approach
and a mode of retrogression, as we find a solution of a solid in a
corrosive liquid will often maintain the liquid in all parts of approxi-
mately equal strength. Now if a liquid were a homogeneous system
without molecular construction, it would approach the solid upon
which it acted e masse, and there would be no change of parts
except quite locally. It therefore becomes probable that the mole-
cule of the solid, at the instant it is attracted, has its polar forces
displaced at the point of contact by the more attractive polar forces
of the liquid molecule, so that now the elastic forces of the solid
atom react and throw this off the solid mass, to which it was before
united by the elastic forces set free from polar cohesion.

/- We may also conceive that by the same system of forces act-
ing with less intensity, when the newly formed molecule is free,
that this molecule will possess new polar forces which may cause it
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to be in unstable equilibrium in the liquid, so that it will be driven
in like manner to the first departure from other molecules that have
not been in contact with the solid, and the neutral molecule formed
after combination would back out, as it were, from the presence of the
solid to permit the corrosive attractive molecule to approach. This
being the case, a molecule, after combination with an atom of the
solid, would not find rest in polar position until it reached the most
distant part of the liquid system from the solid it at first corroded.
We may conclude, nevertheless, that the intensities of polar forces
may be very different in the direct action of a corrosive liquid upon
a solid to the intermolecular polarity in the liquid afterwards, as the
polar forces in the new molecule may be very weak. For many
reasons, particularly from the fact that dense compounds do not
mix, I anticipate the polar forces in a neutral liquid to be exces-
sively weak, or even outwardly impalpable.

&. What I infer from the principles of the above, by the condi-
tions under which the action of a corrosive liquid upon a solid forms
a new liquid, that is, a newly constructed molecular mass, that such
may be the general formation of other liquid molecules either of
simpler or more complex structure. The forces of atomic polar
cohesion being distributed until a symmetrical liquid is formed pos-
sessing molecular polar forces which act directively, and produce its
general cohesive and other physical properties.

/. Under the conditions discussed above, the final disposition of
the molecules of a liquid would be by symmetrical arrangement,
consistent with the polar forces of its separate molecules, and this
would hold for all static liquids, that is, liquids not under the influ-
ence of chemical changes, as it would hold also for the liquid as soon
as the chemical change ceased. The evidence of this being the
case would no doubt be difficult to prove, except by inference that
nearly all bodies that we are able to observe in a solid state, if
pure, assume symmetrical forms (crystals), and it is most probable
that such symmetrical form as we witness in the crystal is a con-
tinuity of like symmetrical or orderly construction in the liquid
from which it is derived. In the case of solids that appear to be
homogeneous, Dr. Tyndall has devised a beautiful experiment,
namely, the dissolution of the centre of a pure apparently homo-
geneous block of ice by the focus of a burning-glass, in which ex-
periment, as the ice dissolves, its crystalline structure is rendered
evident by the well-known forms of ice crystals that start into view.
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I may here remark that I do not assume that liquid symmetry is
necessarily or generally czystalline. 1 assume that this is the special
condition of solidity, but that the molecules of liquids are held in
position by polar forces which are equivalent to the same polar
forces that produce a crystalline or solid mass. The probable
symmetrical forms of liquids I will discuss further on.

z. The only known evidence that may possibly exist of the
symmetry of the system. of a liquid may be inferred from the
similarity of effect upon light to absolute crystallization which we
witness in certain liquids, as, for instance, in sugar solutions under
polarization. Perhaps many liquids under severe tests would also
exhibit polar forces to light. In such cases I presume the polar
forces are internal, and do not affect the general principles of attrac-
tive cohesion in the liquid molecule, which is exactly or very
approximately equal in all directions, and that these polar forces
are no more than sufficient to place the molecule in a state' of
symmetrical equilibrium if free from external forces.

Uniformity of Cause of Fluidity for all Matter.

8. PROPOSITION: 7/t the fluidity of liquids is dependent upon the
presence of gases, or of liquid vapours held by attractive forces upon
the molecular surface and intruded tutermolecularly.

a. If every concrete molecule of a liquid (6 prop.) were on a very
small scale constituted exactly as the terrestrial globe we inhabit,
it would be surrounded by an atmosphere of gas or vapour. If we
imagine that the central attractive force of such a molecule to-
wards other molecules as here imagined were very weak, say pro-
portionally to its size in relation to that of the earth, then a number
of such molecules thrown together in a space free from gravitation
would each maintain its atmosphere with only slight impression
upon it by the weak mass attractive forces of the other molecules
against it. This is equivalent to the conditions I have imagined
for the atoms forming a gas, by these atoms being surrounded by an
elastic surface (4 prop.). If we can apply the same principles to the
larger molecule of a liquid as the gas, assuming much greater central
density and comparatively larger central mass of the liquid by atomic
concretion (6 prop.); then we could conceive that there would be uni-
formity of motion in gases and liquids by impression of like forces
upon or within these fluids as regards the friction of displacement
of their molecular systems énzer se by their surfaces of contact being
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composed of like matter, and that motive resistance would then
only vary as the density of these fluids. That such equivalence of
principle exists in fluids I shall endeavour to show by experiment
as we proceed. >

b. For the principles of the proposition I assume that the gasis a
finer division of matter (as offered, 4 prop.) than the liquid, possibly
separately atomic, or united in its free state by weak polar or other
forces in bi-atomic or tri-atomic separate molecules (5 prop.), the
atoms being perfect solids, infinitely tough and infinitely elastic at
their surfaces; and that the liquid is formed of molecular concretions,
which may be crystalline, conglomerate, or otherwise united, so that
by absorption of elastic surface forces of the atom upon certain
points of contact, they are relatively to the gaseous matter large com-
bined molecular masses (6 prop.). By the present proposition, in the
construction of a liquid molecule the molecular aggregate is assumed
to be surrounded by an atmospheric system of gaseous atoms which
are adkesive upon it through the continuity of the attractive forces
diminishing from the centre upon which the entire concrete liquid
molecule is formed. The gas that surrounds the large liquid molecule
may be either a separate gas, or a gas formed of the same material
as the liquid by a difference only of a more open arrangement of the
atomic parts, in which case the surrounding gas may be termed a
vapour. This vapour being in adhesive contact upon the liquid
molecule, a more perfect gas may in some cases further surround this
exteriorly.

¢. In this theory of a liquid, it will be seen that the difference of
the sizes of the molecular concretionary nucleus, and its more
attenuated surrounding gaseous parts, would be alone sufficient to
account for the same equivalent mobility in a liquid system as that
observed in a gaseous one, as the gaseous system would be evzerior to
the larger liquid molecule. For we might in this case either assume
that the gaseous matter, held by weak attraction or cohesion, acted
by the freedom of its parts, caused by their fineness and separation,
as a lubricant to the motions of the larger molecule of the liquid
proper, or that the liquid molecule floated as it were in the more
attenuated matter of the gas. Upon this principle the whole system
of matter of the liquid as before proposed would be moved only
by direct contact of solid parts, and the phenomenon of repulsion
would not be a necessary principle to be assumed, or any greater
initial motivity to exist than the conditions of known polar forces
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in fluid matter would warrant. The separate atoms in the gas, by
their smadllness and interspaces being assumed to be arranged to
globular form around the liquid molecule would produce an ex-
tensile elasticity in the liquid proportional to the number of sur-
faces in contact.

d. For the passage of molecular matter from a gaseous to a solid
state, and wvice versa, it is not necessary to assume the intervention
of the liquid state, or certainly not in all cases. But it is almost
certain that all matter may exist in a gaseous as well as a solid state
under varying conditions of temperature and pressure. Of the
passage of the gases directly from the solid under atmospheric
pressure such instances may be taken as the evaporization of iodine,
camphine, ammonia carbonate, and some other bodies wherein gases
are thrown off solids directly at low temperatures. Under greater
pressures, at melting-points, with the same bodies a liquid may be
formed as a gas under less pressure, as is the case with arsenic. It
is probable that the liquid is generally a re-formation, the gaseous
being the first form of molecular separation; the liquid concretion
being by a new arrangement of polar force (6 prop.) partly de-
pendent upon the vapour pressures upon the evaporating or dissolv-
ing solid. This may be inferred in that if the vapour forces are
removed as quickly as they are formed, as in the case of evapora-
tion of snow in dry winds, the intermediate state of liquidity does
not intervene. And the same may be inferred-in the melting of
zinc, aluminium, iron, and other metals, where these bodies inflame
if not retained by a flux or by a coating of their own oxides
sufficient to form a solid or liquid pressure immediately upon them.

e. It is further possible that liquids of all kinds either form gases
by evaporation of their own molecules, or imbibe certain quantities
of such gases as may be presented to them, as may be consistently
adherent to their systems. Mercury, the densest of all perma-
nent liquids at ordinary temperatures, has been found to emit
vapour at its free surface sufficient to discolour gold placed above
the surface. Faraday has shown that this evaporation occurs in
mercury down to a temperature of 4° Centigrade at a seznsible dis-
tance from the surface. It is probable that vapour of higher density
exists at insensible distances, that is, Znztermolecularly and upon the
immediate surjface of the molecule of mercury, so long as heat force
maintains the mercury liquid, and probably after this.

/. This intermolecular space, if I may so term it, in liquids that
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I assume to be occupied by vapours or gases is possibly a nearly
constant quantity. This is inferred from the quantity of gas that
a liquid absorbs, that is, as I assume, attracts to surround its mole-
cules, and is proportional to the pressure upon the gas. And as the
density of a gas varies approximately as the pressure, it follows
by this proposition that a given liquid always absorbs or collects
by the radius of its attractive forces a constant volume of gas per
massa, whatever the pressure, according to Dalton’s law: by my
theory #he quantity being that represented by a certain depth of gas
upon the area of the surface of the liguid molecule.

2. Where a liquid by loss of heat forms a solid, the solid so
formed, although generally of less bulk, is a body wnlike the liguid ;
it is generally compressible by small forces. In this case I assume
that the perfectly rigid solid atoms that formed the symmetrical
gas, or the liquid, by structural arrangement or polar force about
the concretionary liquid molecule are now crystallized, as it were,
upon the molecular surfaces in more compact form by suppression of
a part of the atomic elasticity in the gas or gaseous envelope, so
that the atomic atmosphere is now concrete upon the solid molecule.
The cause of the permanent atomic surface deflection in this case
being derived from the force of chemical attraction present by loss of
heat-elasticity, so that what was formerly the liquid molecule is now
the solid molecule, the gaseous envelope being now deposited upon
it; this gas has therefore no longer the symmetrically distributed
structural matter, or the force, to offer the resistance it offered before.

/. We can imagine that the dense molecular system of matter
that a liquid is proved to be under pressure, that if it were formed
physically of molecules of equal forms which were as particles
of dust, such an equal system would form an immobile mass;
but if we can conceive that such a system can by its molecular
attractions, or otherwise, compound with it another less dense mole-
cular system whose individual atomic forces are as the diameters of
their atomic masses, that these will disjoint, as it were, the equality
of the more rigid system, and cause its molecules to float or move in
its elastic atmosphere easily; the intervening gaseous or vaporous
system being by its tenuity more mobile than the entirely con-
cretionary molecular one. In such a form the relatively large
molecule of a liquid would be free, or very nearly so, of polar forces,
assuming the attraction forces to be satisfied, and to be equal in
every direction upon the gaseous envelope.
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7. It is possible that by the gaseous intrusion which occurs in the
admixture of air with water, that we have water as a very mobile
fluid, at ordinary temperatures, the air acting,
as before mentioned, as a mechanical lubricant
to the larger molecular aqueous system
proper. However, this would not exclude
the condition I propose, that water may be
mobile principally from its large molecules
being surrounded by their own vapour. That
the fluidity of water depends in a great

gt AR Sy measure upon the presence of air, is shown
Tube. in the researches of Donny, in his celebrated
experiment, which is as follows:'—A clean
glass tube a metre long, closed at one end, is bent in its centre
so that it forms two arms, inclined at an angle of about 60 degrees
to ecach other. The tube is for about two-thirds of its entire
length filled with water, and the open end of the tube is now
nearly closed over with the blow-pipe. The tube is placed so as to
keep the closed end lowest, and in this position the water in it is
boiled for an hour or more, so as to expel as much as possible of
the air that is contained in the water. When the water in the tube
is still boiling, and the space above it is well filled with steam, the
opening in the tube is closed by the blow-pipe, and hermetically
scaled. When the steam condenses there is nearly a perfect vacuum
above the water. If the tube be now placed in such a position that
one of the arms remains full of water, and this arm be tapped several
times with' the finger-nail or any light body, so as to obtain surface
adhesion of the water to the sides of the tube, the full arm may
now be gently raised to an equal angle with the one partly filled, and
the water will not run down to a level surface in the two arms, but
remain in the first as before the inclination, as shown in the engrav-
ing. The water will also be found in any movement of the tube to
move very sluggishly, showing that it possesses little fluidity in
this nearly pure state. It is very possible, that, if water could be
entirely deprived of air, it would be a gelatinous body or a solid.

7. The above principles of liquid construction that I propose may
be shown diagrammatically by systems of coherent molecules sur-
rounded by a gaseous atmosphere, this atmosphere being of an
absorbed gas, or of the vaporous gas of the molecule proper. But

Y Ann. de Chim. iii. xvi, page 167.
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if it is surrounded by the gas, this will produce an hydrostatic pres-
sure about the molecule, so that the vapour assumed to be nearest

Fig. 4.—Theoretical Molecular condition of a Liquid.

to the molecule will be absorbed by the molecule, and the gas only
remain surrounding the vapour. Or if the absorbed gas be one
of great adhesive force to the liquid molecule, a part of the gas
may be liquefied upon its surface by near attraction. The system
proposed is shown diagrammatically above of liquid concretionary
molecules. In this illustration the molecule is supposed to be
surrounded by a vapour close to it, with a general atmosphere of
gas surrounding the entire system as it would be under pressure.

k. Taking a purely hypothetical view of the subject, I do not
see great improbability that this system of gaseous atmosphere
about the molecule does not extend to all matter including solids.
In which case we may conceive that, as the diamond is harder than
graphite, that this may be, that its elastic surface force or vapour
force is less, or was less by near attraction through the great pres-
sure existing at the time of its formation into a set solid, thus giving
a closer or more attractive mode of atomic aggregation, and a greater
suppression of elastic resistance. In the same manner a hydrocar-
bon may be formed of a molecule of carbon surrounded by an
atmosphere of hydrogen partly condensed upon it to form a liquid
as an oil; or in another case, a molecule of carbon may be sur-
rounded with an adhesive atmosphere of hydrogen or of oxygen to
form a gas. This might be true assuming carbon to possess ex-
tremely small, extensile, elastic, or evaporative force at the surface
of its atom.

L If molecules of matter, particularly plastic and liquid matter,
are separated by vapour force, capable of a certain amount of con-
densation upon the molecule, #iern expansions by heat forces will be as
powers of evaporation of the separate molecules, and minus heat con-
tractions, as the powers of condensation, which are generally inversely
equal, so that a liquid or solid molecule at a certain temperature
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engenders a certain vapour or elastic force about itself, but at a
higher temperature, by the same continuous process, which may
be by the strengthening of elastic forces at the surface of its atom,
it may be wholly dissipated as vapour, either in a system of finer
molecular division or in certain cases by heat forces and relief of
pressure or attraction, possibly in separate atomic division; the
separate atoms being then held by their own forces in sym-
metrical polar positions, beyond which further expansion could
not occur by any amount of heat force.

m. In the construction of liquids I have taken the surrounding
vapour forces in this proposition to be equal, therefore the central
forces of attraction or adhesion of the vapour to the liquid molecule
will be alike on all sides. I anticipate, nevertheless, as before pro-
posed, that there is a certain amount of polarity or directive force
in every molecule of matter to other molecules, which I have before
inferred for liquids by the systematic polarization of light by sugar
and other solutions. But as this probably does not generally in the
free liquid molecule exceed the effect of polar forces of the earth
in relation to general attraction of gravitation, I conceive the average
liquid molecule to be equally attractive to its vapour or gas on all
sides, as the earth may be to its own atmosphere, although the
molecules and the earth may have directive or attractive polarity
quite independent of this for position of its parts in relation to each
anhd to other matter. The smallest separate elements of the
earth or the molecule may possess polar forces of much higher
powers relatively to their masses than the compound larger bodies
or molecules of which they are the parts. This is evident by the
nature of chemical attractions in divided matter.

7. Perhaps further evidence of the elastic surface forces about
material systems may be found in Newton’s experiment of pressing
two convex surfaces of glass together, where visible contact is attained
with difficulty. In this case the elastic or molecular atmospheric
force is, as in all other cases, assumed to be of invisible matter.

0. One subject that particularly concerns us practically is that
there may be a system of unity in all fluids, which may even
extend to homogeneous solids, so that experimentally air may be
replaced by water and vice versa, which will in many cases permit
us to follow motive causes by visible effects. This principle, upon
assumptions of the proposition, will be made use of in this treatise
as occasion may require.
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Sensitive Mobility under Pressure.

9. PROPOSITION : TVat the mobility of a fluid varies directly as the
elasticity in the atomic forces surrounding its molecule. The elasticity
being in sensitive equilibrium proportional to the pressure upon the fluid.

a. In the above T am compelled to use the word atomic to distin-
guish a finer system of gaseous matter that may surround a gaseous
molecule, but I do not assume that the atomic system is necessarily
separately atomic, although I see no reason that it should not often
be so. For a liquid molecule we may assume a gaseous envelope
only, as offered in the last proposition.

b. This proposition is offered to meet a difficulty, as it appears to
me, in explication of Newton’s and Coulomb’s experiments given
3 proposition, 4, ¢, for although the homogeneity or equality of
resistance at all depths in a liquid is clearly demonstrated, this
equality does not appear to be rational with an equality of attrac-
tive or repulsive forces in separate molecules, or equality of mobility
of contact of the molecules or parts simply per se from any cause.
For if we consider the mobility from any cause equal about the
molecule under all conditions, we must neglect the effect of pressure
of the mass above a lower molecule, which pressure being derived
from material parts of the same mass, should act as a resistance to
the freedom of motions of displacement to the lower molecule. It
therefore appears to me probable, that there is a natural line for
fluids as defined by the proposition, by which the molecules of
fluids are in more sensitive motive equilibrium under greater sur-
rounding elastic pressure. This, it appears to me, would also very
well account for one cause of a kind of immobility, that is very
evident at the surface of a liquid, which is seen to move as a con-
crete system, when small objects of great specific gravity float upon
it, some other conditions of which I will consider in the next chap-
ter, in discussion of surface forces.

¢. Assuming the molecular elastic surface by equality of central
attractions perfectly smooth, which I think most rational, we may
find evidences that mobility of contact will be relatively greater
under greater pressure in solids, which would be from the greater
sensitiveness of compressed surface elasticities upon contact. Thus
we may lean a light body with a hard point, as the point of a -pen
in a light handle, at an angle of from 20 to 30 degrees, upon a per-
fectly polished hard surface of glass; but if we press the upper end
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it will instantly slip down, or if we lean a heavier body with the
same surfaces of contact, it will not maintain itself at so great an
angle to the surface.

d. Another simple experiment will demonstrate the same fact.
If we cut three or four pieces of clean smooth paper, of exactly the
same size, and place them lightly upon a clean surface of glass, one
by itself, and two or three superimposed; and then raise the piece
of glass at one end to form an angle, at which the pieces of paper
begin to, slip, the heavier parcel will begin generally to slip first.
The same will occur with pieces of moderately stout flat metal and
with metal foil, and in vacuum as well as in air.

e. It is possible that the velocity of sound through bodies is wholly
due to the sensitiveness of compressed elasticities acting in direct
lines, caused by the strength of cohesive attractions into the sur-
rounding elastic surfaces of the atom or molecule in these lines; so
that the velocity of sound is great and sensitive in steel, glass, and
other hard bodies; but slow and insensitive in gases, being most
insensitive in hydrogen. These conditions on the whole will be
subject to the molecular construction of the body taken.

Mode of Molecular Aggregation for Liquids.

10. PROPOSITION: 7Vt the molecular system of a liguid, assuming
each molecule survounded by its vapours, has its molecules symmetri-
cally arranged by polar forces in such a manner that the grealest
number of molecules, or mnolecular systems, may be contained. in the
space that the liquid occupies. '

@. The molecular system here proposed would be represented as
in the engraving below at Fig. 5, the large liquid molecules and
their vapours being represented by circles so arranged; and not as
at Fig. 6, where the polar forces retain the molecules in a vertical
series, although I see no reason that some forms of matter should not
be so arranged or changed to such form as by cooling, where bulk
is increased thereby, preliminary to crystallization.

Fig. s.—Molecules. Fig. 6. —'\Iolecu]es

b. The same form of molecular construction as that shown at
Fig. 5 has been illustrated for that of a liquid by Newton, Bossut,
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and others. It is here introduced to consider a condition that
renders it most probably the actual system, which is, that for liquids
(and fluids generally) lateral pressures upon containing vessels are
as the heights of the column of liquid above any given point. If
the molecular system of a liquid were as that shown Fig. 6, this
would not be the case, as every vertical range of molecules would
be supported upon the lowest molecule, and very small lateral
pressure would keep the column vertical, so that the pressures upon
the sides of a vessel would be small and that on the bottom great.
But if every molecule were held in its position by forces that were
not vertically axial, these pressures would be equally lateral forces,
so that the limiting lateral surfaces would aid in supporting the
system. And in this, the whole system being assumed elastic and
mobile in all its parts, would be as a flexible system, and all parts
at equal depth would receive equal pressures.

¢. Thus let A A’ be a lateral surface, and all the shaded molecules
press by their gravitation downwards, and the unshaded molecules
rest against the lateral surface. Then the lateral
particles would be pressed outwards by the vertical
force of the contiguous molecules, and it would be
clear that to press these molecules by this lateral
surface further into the system, we should require a
force sufficient to lift up all the particles above. In
this manner the lateral particles would be jambed
against the sides of a vessel, and the jamb, in a per-
fectly elastic mobile system, would be a pressure
equal to the gravitating force of the mass above. In
the same way it will be seen also that this jamb g, —Moleculesof
would produce an equal upward pressure, or pressure 3;‘33:‘11 ;f;gfs‘ 2
in any other direction than that which merely sup-
ports the weight of the fluid, if the area of pressure were restricted
by the form of the vessel.

d. The above hypothesis is consistent with the fact that a con-
tinuous fluid resting upon or pressing against a plane surface exerts
a force directly perpendicular to this surface, this force acting as a
pressure equal to the greatest pressure per area upon any part of
the fluid that can be compressed by the force of gravitation at equal
depth. Thus if we perforate a hole through a thin vessel contain-
ing a liquid, the liquid is projected directly perpendicular to the
surface of the vessel, with a force of projection equal per area to

’
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the weight of the liquid above the hole, that is, equal to the greatest
pressure per area that gravitation can effect in any part of the mass
system of the liquid at equal depth with the hole. This principle
is rendered important in consideration of directive motive forces
which will be hereafter considered.

e. If such symmetrical molecular action as here proposed exist,
this may either be derived wholly from a general principle of cohe-
sion which draws the greatest number of molecules about any single
molecule, the principles of which I will discuss in the next proposi-
tion, or from this and polar attractions conjointly active at several
points of the molecule, the principles of which may be inferred from
the disposition of matter to take crystal forms.

/- The same form of molecular arrangement as that illustrated
above would possibly occur from pressure upon a system of globular
molecules. But not necessarily so unless there were present the
polar forces assumed. As, for instance, a vessel filled with rape-
seed or with globular shot would not have its separate units so
arranged by chance, or unless immense trouble had been taken to
produce this arrangement, whereas with polar forces acting sym-
metrically at certain points of every molecule this might be the
necessary or only possible arrangement.

Equal Universal Cohesion of Liquid Molecules.

11. PROPOSITION: 7/t the cohesive forces of liquids are caused by
molecular surface attractions, which arve active in producing adhesions
of the greatest superficial area of contact possible upon all the molecules
of a liquid system, of which each molecule forms a symmetrical part.

a. The above proposition, as far as I have been able to observe,
is a law of liguid colesion, that is particularly valuable when applied
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Fig. 8.—Molecular Attractions to form Mass.

to the conditions of surface forces which I will hereafter consider,
the matter beng now taken for the unity of masses only.
6. Let the figure above represent any exterior surface of a mole-
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cular liquid system having attractive cohesive forces. Let thecohesive
attractive forces reside in every molecule, and act upon the nearest
molecules of its own mass system, and further let these attractions
be equal in every direction from the centre of each molecule to its
area of contact, and for a certain space surrounding this, as shown
by radial lines from the centres of the molecules in_Fig. §,
neglecting any possible influence of local polarity, which I assume
would be very weak in the liquid molecule, and suppose, also, all
action of gravitation suspended as a separate force acting upon the
system; then will the molecule A be out of central equilibrium to the
system, and exert a direct attractive force upon the system towards
the molecules B B’, and the molecules B B’ will exert an attractive
force towards the plane C C’ and towards each other with a small
force only towards A, so that these molecules also will be out of
central equilibrium. For the conditions of the molecules CC’, these
will exert attractive forces towards D D', the mass system, and
lateral forces towards each other; they will therefore be out of central
equilibrium but in lateral equilibrium. Under these conditions they
will represent the greatest area of radial forces possible for the sur-
face of a liquid system. The molecules of the plane D D’ as a part
of the mass will be surrounded by equal radial molecular forces,
and will therefore be in perfect central equilibrium at every point
of the molecule.

¢. Now returning to the consideration of the motive forces derived
from attractions in the molecules A and BB/, these will act as
certain forces in ratio to their attractive azea upon the lateral equili-
brium of the plane C C’, and indirectly through the plane C C' upon
the perfect equilibrium of the plane D D, and if these planes are per-
fectly mobile and capable of extension, these molecules A and BB’
will sink into the mass system and form molecules either in lateral
equilibrium in the surface system C C’, or of perfect equilibrium in
the plane D D'; the law being satisfied #hat the molecule has found
the greatest area of surface adlesion possible for a free system of
liquid matter.

d. In the above proposition it must be distinctly observed that
the force of gravitation forms necessarily no function of the system
here proposed; the condition of this for liquid surface will be here-
after considered. A liquid, if its molecular attraction or cohesion
is sufficient to support its mass, forms a smooth surface in any posi-
tion, as for instance a varnish laid on a vertical surface or an in-
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verted horizontal one, and the same will occur with water or other
liquids. The splendid experimental researches of M. J. Plateau
may be used to assure us of the principles of the above proposition,
that the molecular cohesion that we witness in liquids is a force of
continuity of physical attraction or cohesion of the molecules which
forms the liquid system; and that this attraction or cohesion is
independent of the density of the mass, or nearly so. The important
* experiment which proves this is shown in that a free molecular mass
of liquid in equilibrium is in no way influenced in its motion by the
presence of denser matter within its mass system.!

e. The most important experiment, by which the general equili-
brium of forces in a liquid mass is shown by M. Plateau, is by
taking two liquids of exactly equal specific gravity that are found
to unite only in a slight degree with each other, and by placing a
mass of one of these liquids of any form in a central position within
a larger mass of the other. In this case the central mass forms a
perfect globe. The liquids employed by M. Plateau in these in-
teresting experiments are pure olive-oil for the one and a mixture
of alcohol and water of exactly the same specific gravity as the oil
for the other. By injecting the oil with care in the centre of the
mass of dilute alcohol by means of a glass syringe the oil is found
to draw itself together, and a perfect globe is formed, which is sup-
ported as a free body in the diluted alcohol.

/- That the above is not a mass attraction M. Plateau’s impor-
tant experiments before alluded to show, as he finds that by placing
a stout plate of iron of nearly the same diameter as the globe

“of oil in its centre, by means which he points out, the presence of
this heavy mass is found not to deform the external figure of the
perfect globe in the slightest degree.

& M. Plateau attributes the perfect equilibrium of forms which
his experiments demonstrate for free liquid matter to be caused
principally by surface fension of the mass system as originally pro-
posed by Segner in 1751; and his experiments in some cases that
he offers go very far to show that this would represent a sufficient
cause if active to the necessary extent demanded, the interior inertia
of a mass system being assumed to be in such a general state of free
equilibrium as to be entirely directed by the surface tension. It
nevertheless appears to me that as a general system of cohesion

1 Statique expérimentale et théorétique des liguids soumis aux seules forces moléculaires,
1873, by J. Plateau, § 13.
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exists in all liquids, as shown clearly by the phenomena of traction,
in which the parts of liquids follow each other with evident force, as
they also in the same manner adhere to solids, so that the surface ten-
sion cannot be the entire cause of cohesion in the system of matter of
a fluid any more than of a solid. On the other hand, if the molecule
seeks the greatest area of surface attraction in a perfectly free liquid,
as here proposed, this principle of cohesion alone will ensure the
perfectly globular form for any free unit mass of liquid of the same
cohesive system subject to molecular forces only.

/. I do not think the conclusion I arrive at, that molecular masses
may be held by cohesive forces simply, ¢f tiis be true, detracts in
any way from the value of M. Plateau’s splendid experimental
researches. I only think that the symmetry of molecular forces
in a liquid has more to do with the symmetry of free molecular
aggregate ‘forms, in any case, than surface forces taken simply as
such. I conclude this among other reasons, in reference to the
theory of tensile surfaces, by the slowness with which an undoubtedly
tensile film of a soap-bubble contracts when the interior of the pipe
by which it was blown is left open for it to do so. The tension
of the two liquid surfaces of the film in this case, the exterior and
interior being active as lineal attractions upon the resistance of
the small volume of air in the interior of the bubble only, shows
that with large surfaces of tension, and very small mass to be
moved, the tensile force judged by its active velocity in this case
must be extremely weak. Whereas the motive forces that form the
globular mass of oil by moving its heavy bulk quickly to equilibrium
of figure, in M. Plateau’s important experiment just mentioned,
indicate a much greater constant force in the liquid, for it to be able
to overcome the general inertia of its large mass, than could be due
to the influence of any weak surface force, such as we find able to act
only feebly upon the small mass of a film, having exposed surface
on both sides open to this action.

2. If cohesion be powerfully active in the manner I propose, the
same molecular aggregative forces as are actually observed would be
produced in free molecular matter, as by any form of surface tension,
or even of surface distension of a liquid; if the central mass be
held together by the general cohesive force that all liquids possess.
It would be also clear that the globular form would be the only one
that could satisfy the conditions of perfect equilibrium in a free mass

upon principles proposed . Under these conditions also, inclosed
3

X



34 . PROPERTIES AND MOTIONS OF FLUIDS, 12 Prop.

masses of more or less dense adherent matter, would no more inter-
fere with the system, than if the force were considered to be an ex-
terior tension upon the surface, unless such masses protruded, when
the conditions would be altered for all cases. It will be further
evident that.the proposition I have made above for the cohesive
system of a liquid really becomes active as a surface force; but it
does this independently of assuming a special condition necessary for
the surface molecular cohesion possessing greater activity than is
otherwise indicated by experiment; which may possibly be attri-
buted to a superior viscosity at the surface for water, but could not
be so for oil, where cohesion is found to be equally active, as M.
Plateau’s experiments otherwise show. See works referred to, § 269.

J- Perhaps some evidence of the law offered in this proposition
may be discovered by taking the conditions of a body in which we can
scarcely imagine any distinct conditions of surface force to be present,
or at least to be sufficiently active to overcome the general cohesion
or viscosity of the body taken. The best illustration that occurs
to me would be the very viscous liquid, melted glass, which we know
may be drawn into very fine threads, by strain upon the internal
cohesion of its system without any disturbance from surface forces
being scarcely imaginable to be active upon it. Now, if we take
a thread of glass and hold this in or near a flame, until it begins
to melt, it will be found that the melted part instantly seeks the
greatest area of tnitermolecular cokesion, that is, it assumes a globular
form, if not prevented by the force of gravitation from doing so
by the position in which it is held.

Special Qualities of Water and Air.

12. PROPOSITION: ‘That the fluids waler and air, possibly by the
molecular elasticities of their systems and by polar jforces, possess a
certain amount of elastic vigidity of the same kind as that observable
in gelatinous bodies.

a. By the molecular structure proposed for a liquid (8 prop.) every
liquid system, by the elasticity of its molecular surfaces will possess
a certain amount of flexibility of mass derived from its chemical and
physical qualities; which I assume to be different for liquids of dif-
ferent kinds. Besides which I imagine that there are present weak
polar forces in all fluids (10 prop.) that will produce a certain
amount of rigidity within the radius of mobility of a liquid or other
flexible system. From these conclusions, and by experimental in-

\
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ferences that water and air possess the property of #igid flexibility
greater than other fluids relatively to their densities, that is, in
those that I have examined, and as I intend, as before mentioned,
to follow experiments in air and water principally, I wish to distinctly
distinguish this property by a word, for which I propose gelatinity.
This property has been already inferred to be a quality of water in
the bent-tube experiment of Donny given page 24 ¢, as observed in
the sluggish movement of the water in the tube and its rigid state
when the surface of it is rendered adherent. The same property
may be observed in a less degree when the water is in a more fluid
state by natural aeration. The property that I suggest appears
at all times to give to the water a kind of static mass rigidity greater
than its general fluidity, or the mobility of its system, or its density
in relation to other fluids would indicate.

4. The property indicated above has been generally included in
the term wiscosity; but this does not very clearly define it, to my
mind, as by viscosity, we understand from general definitions, a
certain clamminess or stickiness after the manner of varnish, treacle,
hot glue, or oil. Bacon gives a definition of this when he says,
“Holly has so vzscous a juice that they make birdlime of the bark.”
The physical state of both water and air at ordinary temperatures
appears to me in experiments to be better expressed as above, by
gelatinous than viscous. The gelatinity I conceive to be somewhat
after the nature of cold jelly scarcely capable of settling, and of a
higher degree of mobility. This property is apparent in water in
the adhesion with which it supports the spherical conditions in drops
resting upon solid or liquid surface, in which the drops do not appear
to enter into or adhere with any similar property to that observable
in really viscous bodies, unless some force is applied. Further,
after adhesion is effected with water by any means to a surface
it becomes complete, and equally resists removal as we find is the
case with. gelatinous bodies. Some experiments of Count Rumford
led him to infer that a pellicle or film was formed at the superior and
inferior surfaces of water, by that which he concluded was a special
natural cohesion of the fluid at the surface, and by this he accounted
for that peculiarity of surface resistance by which bodies that are
specifically heavier than water will float upon its surface. This
property of gelatinity that I propose to adopt, will offer the same
qualities of surface resistance, as we find that je//zes resist at the sur-
face, but viscous bodies do not. Reserving for the present the discus-
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sion of some causes of surface resistance, I may mention one of Count
Rumford’s experiments. He poured a quantity of sulphuric ether
upon the surface of water in a vessel, and placed gently in the ether
several bodies of greater specific gravity than the water, as a needle,
particles of tin, and globules of mercury. These all descended
through the ether, but floated upon the surface of the water. It
was quite observable that these bodies pressed down the surface of
the water, and little hollows or bags-were seen beneath them. These
floating bodies were made quite clean, and the water adhered persist-
ently to them when they had once entered it. Indeed similar resist-
ances were observable when the like bodies quitted the water. It is
therefore from no material repulsion inherent in these bodies, but quite
the reverse of this. A particle of water will rest upon water surface
similarly to a solid body, as some experiments by Brewster show,
and that which appears quite contrary—the water will creep up
and adhere to the same bodies which resist its surface. This is quite
explicable by the same principle of gelatinity that promotes and sup-
ports continuity after contact by a kind of static firmness of surface
which rejects first contact. The gelatinous principle in question is evi-
dently due to certain conditions of cohesion not present to the same
extent in all liquids. The same cohesive principle is possibly
maintained in ice, as is witnessed in glaciers where the ice forms
stand up with remarkable rigidity, and are quite brittle if struck,
yet they bend to the rocks past which they are compressed under the
constant force of gravitation. The gelatinous construction of water
that I propose is one cause of a special form of resistance in pipes
to the free flow of water, upon a principle of fluid motion to be con-
sidered. It also gives to fluids which possess it, a special kind of
rigidity by which continuity of surface is very persistent, and this
is one cause of the tendency to division in motions of undulation
where the surface is compressed horizontally by any small forces.
These general conditions will be hereafter considered.

¢. The experiment by whichyI tried, to investigate the relative
comparative amount of gelatinity in liquids for my own satisfaction,
and to endeavour to discover the cause of the extreme static rigidity
of water under certain conditions, which I will discuss further on, was
to cause the liquids to flow over a small bridge in a channel, and to
measure the heights of the head above the bridge relative to the velo-
city of flow. To compare water particularly with some acknow-
ledged viscous fluids I selected two liquids, one a varnish, a little of
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which placed between the fingers held them together with consider-
able force,-and for the other linseed-oil. I selected these two liquids,
oil and varnish, as I found them used previously in experiments to
determine the viscosity of fluids. I constructed a small apparatus,
consisting of a channel of zinc about seven-eighths of an inch square,

Fig. 9.—Gelatinity Apparatus.

and a foot long, which was connected with a reservoir so as to obtain
a regular flow in a current of the liquid from an aperture of the
width of the trough, and one-eighth of an inch high. A bridge
across the channel was placed inside at one inch from the end
furthest from the opening, which was made of a thin piece of zinc.
This bridge stood up from the bottom of the trough a quarter of an
inch. Above the bridge I placed a micrometer-screw, by which I
could read to the thousandth part of an inch, and which was con-
nected with a point to reach the surface of the liquid. I tried the
two viscous fluids named, and the water, after cleaning and thoroughly
drying the trough between each experiment. In the flow along the
channel I found the head of water at its highest point, which was
nearly over the bridge, measured by the micrometer screw taking
the average of ten experiments about ‘13 of an inch; the head of the
highly viscous varnish measured about ‘12 of an inch; the head of
linseed-oil, ‘11 of an inch; showing the water to be the most rigid or
self-supporting, which I assume to be derived from a certain mole-
cular polarity which produces the property of gelatinity. 1 shall be
able to show in experiments further on that water in some cases acts
as a colloid. In Coulomb’s torsion experiments to discover the
viscosity of various bodies by the resistance offered to the circular
oscillation of a tin disk, oil was found to be seventeen times as viscous
or intermolecularly resistant as water. Therefore the quality of
rigidly standing up or deading in the above experiment, which is
greater in water than in oil, must be from a fluid property in excess
in the water.
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d. The gelatinity or static mass rigidity of air, which I also ascribe
to a weak polarity, may be shown in the slowness with which its elas-
ticity will react in a free state. This may be seen in the following
very simple experiment, by taking one of the thin tissue india-
rubber balls or balloons which are blown out for toys for the
amusement of children. The one I experimented upon was 9 inches
in diameter. If we strike this in any oblique upward direction in
quiescent air it will move against the air until the resistance of the
compressed air in front equals the force of momentum given to the
ball, and at this point the elastic static force of the air in the balloon
and the free air will react, and the balloon will be reflected on its
course; that is, it will not complete its paraboloid, in ratio to its
projectile force and the action of gravitation upon it, in pro-
portion to the quantities of resistance it receives serzatimz, but
will fall to the ground at an angle inclined to the direction from
which it was projected.

If the term gelatinity, or the reasons which
induce me to make use of this word, should
appear ridiculous to some, I wish only the
property of static mass elastic rigidity of

RN water and air to be observed as important
" e, S . .
W\ \@? * to the elucidation of some phenomena to

be hereafter considered, which gives these
«... fluids in some cases static forces that ap-
Fig. o.—Aerial Gelatinity.  pear very relative to homogeneous solids.

18. Remarks.—a. The part of this chapter that relates particu-
larly to the static equilibrium of the molecule in a fluid was written
to offer the necessary conditions for my conceptions of sound
motions, in which I take the general principles of equilibrium for
fluids that have been assumed to be present from Newton to Airy,
only that I have substituted permanently e/astic forces, which are
assumed to act within the limits of the body of the molecule or
atom, in place of repulsive forces, which are assumed to act
without matter at indefinite distances for which these elastic
forces may be considered to be motively equivalent. The fourth
section of my work being now withheld for reasons stated in my
preface, these matters as regards other parts of this work might
have been omitted, only that they are now unavoidably mixed with
the entire work, and that they give the theoretical ideas upon which
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I assume a general state of molecular equilibrium may exist in a
fluid. I admit at the same time that the subject is one beyond my
powers of demonstration.

6. The mobility of gaseous fluids in free molecular trajectories,
which I assume would be antagonistic to any theory of constant
equilibrium of each individual molecule, appears to gain reasonable
strength from the evidence offered in the beautiful experiments of
Mr. William Crookes, of passing electrical currents through tubes or
vessels exhausted, nearly as far as possible, of air. In these ex-
periments radiant matter is projected from the negative pole, which
is not only made visible by the radial direction of the rays of light, but
also evident by the performances of work by the force of the radial
projections. There are, nevertheless, conditions in this case which
do not by any means assure us that the radiant matter observed is
of the residual gas in the tube, as we find it is generally assumed
to be, or even if it were this, the motivity observed might be
constantly induced by electrical forces supplied directly from the
battery, so that this could be scarcely imagined to be a case of free
trajectory of the residual gaseous matter present. However, we must
admit that it is an evident case of one form of projection of molecular
or atomic matter, but whether it is of the residual gas in the chamber
or of the matter of the negative pole is quite another question. In
sparks thrown off conductors in experiments with our common fric-
tional electrical machines, it is quite clear that pieces of the metallic
conductor are projected, which inflame and produce large sparks in
the air. If we reduce the pressure of the surrounding air so as to
produce the ordinary exhaustion of a Geissler’s tube, Mr. Crookes has
found that platinum is then strongly projected from the negative
pole, so that it darkens the glass all around it; showing that this is
evidently still a wmetallic projection. But Mr. Crookes has found
that in higher vacua there is no evidence of projection of the
matter of the negative pole! In this last case it is quite possible
that the platinum itself under the nearly perfect release of pressure
that these higher vacua produce, is severed into separate atoms at
the instant of its projection, and that this as elastic matter (4 prop.)
forms during the continuity of the electrization a perfect gas (plati-
nogen), and whether the gas so formed is deposited upon the posi-
tive pole or the containing vessel, or not, will depend upon the
strength of elastic forces due to its electrization, into ‘its material

1 Phil. Trans. 1879, § 628.

S
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atomic attraction for other matter present. In this instance also
the constant radiation may be established from the negative pole
by a system of convection currents or vortices in the vacuum cham-
ber, by which the.gas performs a definite circuit. I assume in this
hypothesis that the metallic gas is invisible; but that it excites
by its friction the medium of the fluid residual air or gas into which
it is projected, and, in like manner, by its friction it also excites in
its return current the body of the vessel in which it is contained, to
cause its phosphorescence, the return current being in all cases pos-
sibly more condensed than the gas projected from the negative pole
radially in the first instance. So that upon the whole I do not see
evidence that this is a motive projection of the residual gas in the
tube, but rather that this gas is the medium in which the projection
occurs. It is reasonable to assume, nevertheless, that the projection
will engender convection currents of the gas present during the
atomic projection of the matter of the negative pole, and that such
currents may probably return the matter projected to this pole in
some cases after projection, or, if the resistance of the medium is
great and condensation occurs, deposit it near this pole.

¢. In Mr. Crookes’ earlier important experiments with light and
heat in his well-known Radiometers we have all the general pro-
perties of the forces employed materially changed from conditions
given above for intense electrical forces, as in the radiometer we
have to deal with forms of force that exhibit much less intensity
of action. For radiant heat and light, such as is active upon a
radiometer, we may possibly assume a force only sufficient in these
experiments to affect the equilibrium of the fluid (vacua) inclosed
in the vessel in a manner similar to that which was formerly as-
sumed for radiant heat and light by the undulatory theory, and that
is now assumed for it in other cases when discussing spectroscopic
matters, phosphorescence, &c. However, it appears evident that
undulation would not produce the direct forward mechanical force
observable in this case. But possibly the equilibrium of the mole-
cule may be conserved if the rays of light or heat induce the forma-
tion of direct molecular polar rays, as I conceive may be possible in
free elastic residual gas upon conditions stated in 7 prop. 7, so that
such rays may act as forces directly from the vessel to the mobile
vane, with quite as great or even greater force, from the assumed
elastic rigidity of the atoms forming the ray than could be assumed
for the propulsive force of the free molecules present, whose weights
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must be conceived very small, even if they possess innate forces to
be projected entirely in one direction at one time, and their velocity
must be immense to give by this projection of their masses, momen-
tum sufficient to overcome the inertia and resting friction of a
relatively enormous solid body, many millions of millions of times
the molecular weight of the projectiles, such as we must assume is the
weight of the connected vanes of a radiometer, even assuming that
a molecule or any other body could impress force and retain its
momentum equally for reflection back to the sides of the vessel,
with force and velocity equal to the original projection, which in
this case it must be assumed to do or the whole of the projectile
matter would soon rest against the vane. In this difficult case some
writers appear to hold the projectile-molecule theory, or corpuscular
theory as it was formerly called, for radiant matter, and the undula-
tory theory also for separate cases; this appears to me quite incon-
sistent, or at least so until some process of reconciliation has
been offered for these separate quite distinct principles of molecular
motion of radiation forces. In the assumption of the constant
presence of polar forces offered above we have the conditions of a
form of motion that is evident in some cases which we have not for
any case of free motive propulsion of a molecule or any other body,
except it is, as in the case given above 4, induced by the constant
force of electricity. :
d. Upon the conditions offered above the equilibrium of fluid
matter may be conserved under the impression of exterior forces
that may affect its interior construction during their impression, by
inducing at the time greater activity of polar forces. The molecules
of fluid matter being acted upon in such cases as masses of soft iron
to electrical induction, but in this case by the unknown actions of
heat and light. If we assume these forces as polarity inducing, or
strengthening forces that pervade the system of matter upon which
they are impressed, and that the atoms or the molecules of bodies
are symmetrical, and endowed with like polar forces, the union of
such atoms or molecules in equilibrium can produce none other than
a symmetrically constructed mass. This state appears also as far
as possible evident when by vision we can first detect the construc-
tion of pure matter, as for instance in the symmetrical crystalline
structure of all the metals, iodine, sulphur, &c., and the same by
inference for certain liquids which are shown by the polariscope to
take the properties of crystalline bodies. So that it is only when we
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lose sight of structure, by the condition of fluidity, and when the
mind is left in darkness, that we can rationally assume symmetrical
structure of matter to disappear; and it would almost appear that
if matter changes its st7uctural laws at this precise point, that it has
been in some way created relative to the faculties of man to permit
the free action of his imaginative powers.

e. For the general conditions of equilibrium in a fluid, I think that
whatever may ultimately be consistently thought to be the principle
of projection of radiant heat force, in any form, that the same will be
applied to light, as these forces are so evidently united in their motive
principles; as the conditions of similar refractions, reflections, and
polarizations evidently show to my mind. Neither do I think that
it is probable there are fwo forms of heat motion, that of radiation
and that of conduction, as it is much simpler to suppose one mode
of action for one force; conduction very possibly being a form of
less intense radiation, which is restrained by resistance of the
inertia of the matter affected by it. Extending this idea a little,
it is also most possible that one form of motion exists for both
heat and light under all conditions. If I should at any time be able
to discuss my experiments on light and heat, from which I was
unavoidably diverted, I will return to this matter. It would here
be quite out of place to discuss the subject further than is neces-
sary to support my propositions of the constitution of a fluid against
what I imagine may be a transitory science (1880), in so far as its
theoretical deductions are concerned, but not its practical uses.

J- For the equivalence of heat to mechanical force, we may assume
that if heat forces act on separate atoms and molecules as proposed
(4 and 5 props.), or by any means so as to increase the elastic forces
of the atom or molecule by a system of movement acting contra to
forces we may call chemical attractions, as I have suggested, here is
possibly work that will fully represent the heat lost in its perform-
ance, whether it be in separating the millions of surfaces of the atoms
of a powerfully cohesive mass of platinum, slightly against its power-
ful chemical cohesion, of near central contact of its atoms, equally, to
the force shown in dissipating solid carbonic acid to vapour exten-
sion where chemical cohesion is represented by a small force. The
greatest motive effect probable from heat in any case will be ex-
plosion, or elastic vibration, which will become finite by the in-
fluences of surrounding resistances or in new conditions of elasticity.
It further appears to me that the most important physical function
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of heat is not to produce the palpable exterior surface forces we
witness as personal temperatures; as such exterior forces may be
present or not, for in this I assume that if the atomic attractions énzer
se become negative or minus quantities with respect to the elastic
surface force that I propose (4 prop.) the heat force as temperature is
entirely lost to perception, or becomes latent as it is termed. Whereas
if the heat force is only sufficient to increase the elastic pressure, and
not to overcome central attraction, such pressure becomes by move-
ments producing separate frictions on every atom, active in the gene-
ral expansion and outwardly possibly vzbratile upon the elastic en-
velopes of the atoms or molecules, disturbed from the equilibrium of
rest surrounding them, and is thus as temperature force, rendered
motively free to communicate vibration as radiant heat from body
to body, so long as the heated body is changing its state by either
increase or decrease of heat. If the body expands, and heat force
is lost as palpable temperature, the elastic forces have placed and
may possibly retain, the atoms in positions in which the central
attractive forces of the atom act exactly as a body placed upon
an elevation above the earth. The active energy of the heat force
apparently lost being conserved by a position that can restore the
outward, palpable heat, by friction of attractive precipitation in the
atom falling to its former radius of attraction. This matter, as
before mentioned, has been ably discussed by Professor Balfour
Stewart so far as regards the potential of molecules.
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CONDITIONS OF LIQUID SURFACE —CAPILLARY ACTION—TENSION
OF FILMS-—BUBBLES—BOILING—EVAPORATION.

14. Definition. It will be convenient, before the discussion of sux-
face forces, to define the words Zensile and Extensile, as 1 wish to use
them in this chapter and henceforth. By zensi/e 1 intend a disposi-
tion of the parts of a system of matter to draw themselves together,
as a stretched drum-skin does. By extensile 1 intend the reverse of
this, or the disposition of the parts of a system of matter to separate
and thereby to engender external pressures.

15. Equilibrium of Surface. «. The still surface of a liquid at a
distance from any object presents to the vision a perfectly level
smooth plane. The perfection of the equilibrium of a liquid surface
may be demonstrated by the following simple experiment. Take a
dish of clean water, the surface of which is visibly still, and prick the
centre of the surface with a fine needle; this will instantly send forth
a wave extending in circumference from the centre to the edge of
the dish, which may be seen by surface deflections along the shadow
of a window bar, or the edge of any straight object placed against
the light. Upon removing the needle from the surface of the
water, a similar phenomenon may be observed. I may note that
in this experiment the entire point of the needle to be immersed
need not exceed ‘01 part of an inch in diameter, that is, occupy a
space upon the surface of the water greater than ‘0001 part of a
circular inch. The diameter of the circular dish in which I made
the experiment was 12 inches. Therefore in this case the liquid
surface was thrown palpably out of equilibrium by a force of in-
crease or decrease of area of surface by ‘00007125 part of the whole,
neglecting capillarity, which was possibly nearly equal in the clevation
of the water about the needle to the volume of the needle immersed ;
the point of the needle in this case penetrating the water for a very
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small depth only. This puncture of the surface produced a very
visible motion. It is probable that the same form of motion would
occur with ‘or part of the absolute displacement, therefore 134 part
of the surface strain, but in this case we should need special optical
means for its detection. By further experiment to discover the
limit of smallness of displacement necessary to produce a visible
disturbing influence, a glass thread of 00025 part of an inch diameter
was withdrawn from a still liquid surface. I could in this in-
stance by attentive observation detect no surface disturbance by
reflection at a distance greater than 3 inches from the point of im-
mersion.

6. I have already considered some of the conditions upon which
the rigidity of a liquid surface may depend, namely, the minus elastic
mobility of the surface, and also the gelatinity as a functional quality,
particularly of water (12 prop. ¢, page 36). These principles pre-
viously considered, if true, relate to the surface as a part of a general
mass. The conditions I now wish particularly to follow relate to
the surface as a separate system. The great resistance of the sur-
face of water, as shown by Count Rumford’s experiments, mentioned
in the last proposition, assures us that we need the co-operation of
every auxiliary force that may act to fully account for the great
surface rigidity we observe in certain liquids, particularly in water.

Extensile Forces on Liquid Surface.

16. PROPOSITION: That every level surface of a liquid is held in
equilibrium by attractions of the surface molecules to each other, and
to those beneatlh equally per area of the molecular surface in contact,
that such equilibrium acts as a condensation wupon the surface of a
liquid, thereby increasing the molecular surface density.

a. Let a liquid be constructed as proposed 8, 9, and 11 props.

Fig. 11.—Surface Extensile Forces. \ \' O f
4 Vrs ¥

last chapter, then any plane surface of the liquid may be represent A )
by a plane of molecules AA’, Fig. 11, whose lateral attractions
(11 prop. %, page 33) will be equal between every molecule, and
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therefore place this part of the system in lateral equilibrium, and in
gravitation equilibrium also if the surface be horizontal, as before
proposed.

6. To represent the action of cohesive forces by which a plane
becomes more dense, let the plane BB’ be one of a liquid system
having similar globular molecules in every direction, so that it rests in
perfectequilibrium with surrounding molecular forces upwards, down-
wards, and laterally; then will the melecular attractions of the plane
A A’ be out of equilibrium in vertical direction, as this plane will have
superior attractions in proportion to the extent of molecular surface
of the cohesive liquid system downward towards the plane BB', and
7o upward attraction of cohesion. Now as the molecules A A’ fall
upon the elastic interstices of the plane BB', as shown for three places
by the arrows 4, &, 4", indicating the equation of the direction of the
aftractive molecular surface forces in the molecules ¢, @, 2”. These
attractive forces will therefore be equal to pressures that are con-
stantly active between the molecules B to B’ to press between them,
and thus to condense the surface of the liquid here assumed as a
mobile molecular plane.

¢. By the same forms of attraction as discussed above,‘the mole-
cules A A’ will also by their downward attractions, which act as
compressions upon the first surface of lower molecules B B/, render
this lower surface also, by the molecular intrusions in the stratum
below, sore dense than any lower part of the liquid system, and this
again by like compressions more dense than one still lower; the
equilibrium about every molecule being at the same time preserved
as far as possible. This is quite irrespective of gravitation.

d. In like manner, by the molecular conditions proposed (11 prop.
page 30), and of elastic pressure proposed (10 prop. page 28), every
liquid surface upon which there is exerted any pressure whatever
by a motive plane, will be similar to the surface pressure of a, &, a”
intrusive in the direction 4, &, 8", as in all cases the exterior molecule
will be driven into or upon the interior system of molecules against
the elastic resistance of the polar, or pressure positions of the mole-
cules in the assumed porous system. Therefore the lower surface,
and the lateral surfaces at any angle of a liquid contained in a
vessel or pressed by a smooth plane, will be under compressile strain
relative to the central equilibrium of the liquid system.

¢. The demonstration of the conditions here assumed of conden-
sation of the aerial surfaces of a liquid may be inferred in an experi-
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ment as early as Descartes,! and although this resembles those
already offered (page 36, ) by Count Rumford, it may be here con-
sidered for certain particulars.

Fig. 12.—Action of Needle Floating on Water.

/- An ordinary sewing needle placed upon the surface of still
water, upon which it floats in apparent contact with the water, does
not break the continuity of surface or the strength of internal cohesion
of the water, to follow the mass attraction of the floating needle.
In this case the needle has nearly eight times the specific
gravity of the water; therefore to be able to float upon it, it bends
down the surface of the water surrounding itself a quantity equal to
nearly eight times the bulk of the needle, so that the needle lays
in a trough of the deflected surface. If we imagine in this case
that the weight of the needle presses the molecules aa’a” in the
previous diagram (Fig. 11) into the surface of the water, the elastic
resistance of the surface will be increased by the pressure, as there
is no space for these extra molecules without disturbing the whole
surface system; at the same time the lateral liquid retains its equili-
brium by an outward rounding. This experiment further gives, as
"before mentioned, an idea of the general elastic cohesive rigidity, or
gelatinity, as I term it, of the water, which in this case offers resis-
tance for a distance below the absolute surface to make room for the
indentation in ‘which the needle is visibly buried, as shown in the
sectional illustration above, which represents the needle enlarged
2% diameters. The gelatinity, as a resistance in this case, may be
partly derived from the continuity of like, although diminishing,
intermolecular pressures to the surface pressure which acts similarly
to a continuity of surface forces upon the internal water under the
strain as proposed ¢ above; in this manner producing a density
varying inversely as the square of the radius of pressure for a
certain small depth. The expansions of the lateral surfaces to the
hollow formed by the needle are rendered nearly free of extensile
force by the curvature and continuity of cohesional contact until
the equilibrium of gravitation in upward hydrostatic pressure in the

* Les Météores. Euvres de Descartes, vol. v. p. 187,
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near parts, equals the surface resistance of the hollow surface, so
that the needle, as I have found, by the elasticity of the system
deflects the surface water rather less than a weight of water equiva-
lent to the weight of the needle.

2 When the needle once enters the water it descends to the bottom
with great velocity, from which we might conclude that the cohesive
forces of the water, after the surface is once penetrated, are much
weaker than at the surface. I anticipate that there is not a great
difference in the general cohesion of its system, in the depth in rela-
tion to the surface, derived from differences of molecular attractions
(5, 6, 8 props.) causing differences of density, except that there is
more perfect equilibrium in the depth. The greater part of the
visible difference in the case in question being the motion induced
in the water by the needle after it has entered it; the principles of
which, I will hercafter discuss in some more demonstrative pheno-
mena; this proposition being entirely confined to the conditions of
the surface in relation to the static liquid interior, the subject which
I am endeavouring to investigate.

4. In the above conditions of the floating needle, if the surface of
the water were already under tensile strain, as is now popularly con-
cluded (1880), it would then be clear that the weight of the needle
would immediately increase this tension, and unless the special cohe-
sion of the surface were by some undefined cause very great the
needle would immediately penetrate it. This would be illustrated
by the instance generally offered of a stretched drum-skin; if this
were stretched very tightly, a very moderate blow with a heavy body
would break through it, but if it were loose or flabby it would resist
a much greater blow, as the blow must be plus tke tension present in
the first case. In the case of a tension also the surface would remain
nearly level when struck ; in the case of molecular condensation which
would have a tendency to extension (equivalent to looseness) the
surface would be deflected by the blow of the heavy body without
separation as the water surface was shown to be by the weight
of the needle.

7. To observe the greatest amount of deflection of a liquid surface
by a weight placed on the surface film it is necessary that the
heavy body should be perfectly smooth and perfectly clean, as any
particleof projecting matter would disturb the molecular arrangement.
With distilled water, 60° Fahr., I have found that a straight polished
clean steel wire with hemispherical ends, of one inch in length and
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‘©05 of an inch in diameter, would just float with stability if un-
disturbed until oxidation commences. If there was the smallest
particle of grease upon the wire a much less diameter only would
be supported. If the same wire was dipped in acid so as to produce
even slight oxidation it would also enter. The method that I have
found best suited to clean the wire, after polishing, was to dip it ina
saturated solution of caustic potash, to rinse it in clean water, and
wipe it on a very clean linen cloth; it would then be perfectly sup-
ported. If it is not wiped it oxidizes slightly in drying. But I have
found that if the same wire be afterwards touched by a greasy body,
or one not perfectly clean, as for instance a hair of the head, ever so
slightly, it will descend immediately upon being placed on the
surface of the water. The necessity in this experiment for the polished
and perfectly clean surface is that the water should at once pet-
fectly adiiere to the wire, and so retain as far as possible the mole-
cular surface positions. I will make this matter more evident by
another experiment further on (20 prop., % ante). '

7. To endeavour to investigate the depth of surface that would be
rendered more dense, therefore more resistant, by the action of co-
hesive forces in the liquid conjointly with the effects of gravitation
upon a liquid surface, the last being assumed very small, I con-
structed a small scale-pan of microscopic glass that was of about
‘o1 of an inch in thickness, and 105 of an inch in diameter; this
was suspended by three fibres of silk, and then immersed in a
beaker nearly full of water, the pan was attached to a delicate scale-
beam which turned distinctly with ‘o1 of a grain. By slowly lower-
ing the surface of the water I found as this surface descended to
the pan, that a resistance which first disturbed the equilibrium of
the beam was observed at about ‘08 of an inch below the surface;
this resistance increased, but did not appear to equal ‘01 of a grain
until the pan came within about ‘003 of an inch of the surface. In
the above case the resistance, I believe, was largely due to the
general gelatinity of the water; for if the pan of glass was moved
upwards to the surface very slowly, resistance was detected with
difficulty until it was very near the surface.

4. The general condensation and tendency to extensibility of a
liquid surface may possibly be better inferred by the activity at
this surface shown in inducing the solution of a solid in a liquid, by
the elastic pressure near the surface causing a more perfect contact
than elsewhere. This may be readily seen when any soluble body

4



50 PROPERTIES AND MOTIONS OF FLUIDS. 6 Prop.

of long cylindrical form is partly immersed in a liquid which has
power to dissolve it.

/. For this experiment I have tried successfully a cylinder of fused
caustic potash, and a clear sugar-stick from a confectioner’s.
The cylindrical rods of the soluble bodies were cut in two
by the solution after a certain time at the surface of the
liquid; this effect is known to occur in vacuum, and is
general in all soluble bodies. The illustration represents
the form produced by the solution of caustic potash or sugar
in this manner; in which it may be observed that near the
surface plane of the liquid, the narrowest point of the en-
graving, there is a conic pointing; which I have found

- generally to commence at about ‘08 of an inch below the
surface in water. This depth may be the practical limit of surface
extensibility by condensation for water, as it is about to this same
depth that a surface of water may be deflected by a small heavy
body resting upon it before submersion.

m. The conic pointing in the above case would appear to indicate
that the surface condensation acts as a pressure from the surface
downwards varying inversely as the square of the distance for a
certain depth (‘08 of an inch), lower than which depth, the general
cohesive forces of the molecules of the liquid have not their inertia
much disturbed by the surface forces; possibly by reason that
their polar forces (10 prop.), although these are assumed weak, yet
exceed at this distance the influence of surface forces due to attrac-
tion in the area of.cohesion of the extreme surface molecules as
defined & of this proposition.

n. In the above experiment it may be observed that there is a
general conic pointing of the entire cylinder at a very small angle,
as observable in the lower part of the engraving, which is from no
function of surface forces, and is therefore quite independent of the
principle discussed above. This general conic pointing is produced
by the solution of the solid in the water being of higher specific gra-
vity, and falling over the lower parts; the solution having less solvent
power in proportion as it is saturated. This by itself would pro-
duce an entire cone extending to the bottom of the solid, and not
the sudden conic pointing at about ‘08 of an inch in depth in the
water, as shown in the engraving.

o. The same conditions of surface extensibility by condensation
appear to be evident in the extensile force with which oils or spirits

Fig. 13.
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spread over the surface of water with the great rapidity observed.
In this case I imagine that the oil or spirit takes the position of
the attracted surface molecules of the water, and that these liquid
molecules by the superimposed attractive matter become now the
interior of the surface system, where they fall to equilibrium as lower
molecules, and become as other deeper parts of the water, except
that the surface still retains a certain condensation in ratio to the
differences of specific gravity of the water and the lighter fluid now
above. I imagine, however, that in this case there is a certain
amount of chemical action, in which the oil or spirit has strong
attraction towards the critical fluid or vapour which I assume to
be superimposed over the water at all times (8 prop. ¢, page 22),
although this vapour is of too small a specific density to produce
the same state of equilibrium as that of a denser fluid, that is of the
oil or spirit mentioned above.

17. Capillarity, defined as the action of a liquid whick causes it
to rise and hold itself up or to be depressed against a solid about the
surface gravitation plane, may be attributed to five causes. 1. The
Jorce of extension by attraction into the liguid surface. 2. The attrac-
tive forces of the surface molecules seeking the greatest area of contact.
3. The elasticity of surface. 4. The adhesion of the liguid to the solid.
5. General cokesion of the liguid system. These conditions, although
relative to each other in a certain degree, arve taken separately in the
following propositions. '

18. PROPOSITION: T/t aerial surface forces of condensation shown
212 the last proposition, supported by lateral molecular pressure (10 prop.),
both tending to a like extensibility,arve causes of the rise of liquids against
vertical solid surfaces, where the liguids arve sufficiently free from
cohestve intermolecular attractions to be able to touck the vertical sur-
Jace at the horizontal gravitation surface plane of the liquid.

a. If a vertical surface rising above the aerial plane of a liquid be
neutral, as regards attraction for the liquid, the liquid will then rise
against the solid, by the effects of molecular condensations produc-
ing extensile surface forces, as shown by the following diagrams:—

Let A B, Fig. 14, be an aerial surface of a liquid, and B C be the
surface of a solid neutral as regards its attractive forces to the liquid,
except by the pressure that it receives from the elasticity of the
liquid mass. Then, by the condensation of aerial surface (16 prop: @)
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horizontal surface pressures will press the molecular elastic system
from A towards B, and hydrostatic pressures upon the vertical solid

B
IAES P— ;/' A'__

o |l
J

C
Fig. 14.—Diagram. Fig. 15.—Diagram.

acting laterally will also, as hydrostatic lforces, act vertically
(10 prop. ¢, page 29), and will tend to press the molecular elastic
system at the surface upwards to B, which will be the point of least
resistance of a uniformly cohesive porous system under pressure,
and the entire system by the composition of forces will be deflected
in the direction of the arrow near B. This will occur although a
surface rests in equilibrium (15, art. @) if the downward attraction
of the surface molecules (16 prop.) cause a condensation by the
direction of their attractions, and this condensation will produce an
extension at the boundaries of a free surface.

4. The equilibrium of extensile surface forces for the inside of a
flexible cubic cavity, under a state of free extensibility, may be
shown exaggerated theoretically for one side at B’ in the second
diagram, Fig. 15. If the vertical solid plane were continued rigid,
as by upward continuation of the vertical side, B C, Fig. 14, the
surface deflection would then act upwards only against this plane.

¢. Under the conditions of porous molecular construction proposed
(10 prop.) there can be no doubt that hydrostatic pressures will
Zend to extend and support the surface, BC, Fig. 14; but this may be
otherwise partly demonstrated by pressure upon soft or hard sub-
stances proportionally to their fluidity, as defined 2 art. &. Thus, if
we move a flat board horizontally inswater with its plane normal to
the direction of motion, the pressure upon the water causes it to
rise upon the near forward part. If we press a long roll of butter
at one end this end expands, or if we press a malleable metal the
same will occur; this last instance is very important in mechanics,
as the whole process of riveting depends in principle upon the
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malleable surface being expanded by the pressures or percussions of
the blow of the hammer being active as extensile force through
condensation near the point of incidence, and although the plane
C B be assumed static, in this case of hydrostatic pressure, yet by
the molecular porosity and elasticity of the liquid, the pressures
against the plane will give the same tendency to extension as if the
plane were in a small degree motive.

d. Under the conditions of this proposition, a given liquid should
rise from a level plane equally wpon all bodies, the rise depending
entirely upon the molecular forces of the liquid, and not upon the
solid upon which it rises; but these conditions will be modified in
certain cases, as for instance if the liquid by any cause, as by the
strength of its molecular cohesion, does not by its adhesion wet the
solid at its aerial plane, then the same conditions of extensile sur-
face force would cause the liquid to round outwards, that would
otherwise cause it to form a hollow against a plane of resistance to
the free action of its surface extensile forces. The strength of the
extensile force, although small, would at all times compel a liquid to
take either the round or the hollow form.

e. A liquid will, by its forces of surface extension through attrac-
tion into its mass, constantly tend to drift the matter of its surface
outwards to the most free circumscribing area, where it will produce
from this cause a small upward curvature against any vertical solid.
But as this curvature increases, the molecules will be proportionally
more nearly circumscribed by contact with others, and consequently
be also more nearly in vertical equilibrium (11 prop., page 30); so
that a molecule in a hollow will approximately resemble a lower
molecule, there being less excess of attractive force in one direction.
It is partly upon this principle that by the superior strength of sur-
face molecular attractions into a level plane (16 prop.) over the more
nearly circumscribed attractions of a hollow plane, that any light
solid body placed upon a liquid near the edge of the containing
vessel will drift from the side it receives the greatest normal pressure
to that upon which it receives the least, or from the level surface to
the area of greatest curvaturesagainst the solid surface of the vessel.
The excess of surface curvature caused by the presence of the body
will also accelerate the drifting to the most concave side, as the con-
ditions of 20 prop. will show.

/- If we take this proposition in conjunction with the last (16
prop.) the physical law of pressure of a liquid against a vertical
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surface becomes more simplified for the rise of a liquid against a
solid than the conditions required for the assumed surface tension
of a level aerial plane of a liquid, and of hydrostatic pressure
below this plane. As we find under the conditions now offered,
the hydrostatic pressure to be a continuous process affecting the
entire depth, therefore acting, although not quite equally, for all
depths; the cohesive surface forces of the aerial plane acting also
in the same direction in some ratio inversely proportional to their dis-
tances from the surface, thus strengthening the surface forces under
conditions given in (16 prop.), so that the entire pressures are positive.
Whereas, if we imagine a tension upon a level surface, this must be; as
assumed by Segner, a force superior to the hydrostatic pressure at
the surface plane, o7 ¢¢ could not act as a tension; therefore upon a
vertical plane rising from a liquid we should have, by the theory of
surface tension conjointly with the conditions of hydrostatic pres-
sure rising from depths below the surface, the pressures diminishing
upwards to a cerfain line until they cease to act and become neutral
at this line, whereas above this line there would be negative pressures,
increasing inversely, or as minus pressures up to the aerial surface;
conditions which appear to me, although supported by the theore-
tical deductions of many great philosophers, are too complicated to
be possibly imagined to be possessed by the same physical body,
in which we can distinguish no difference of parts and only small
differences of conditions as active at the surface that are not general
for the mass. .

g. The above paragraphs relate only to the extensile pressures of
an open liquid against an open vertical plane, the liquid surface
being assumed of extensive area. Otherwise if the surface area
were closed by contiguity of other vertical planes, or if it were sur-
rounded by solids, then any elevation of the liquid against such
solids by causes discussed above, would abstract a certain portion
of the liquid from the part of the close area that would be at the
time below the surface plane, and this abstraction would have a
tendency to contract the capillary area, although the surface forces
were acting as pressures upon its boundaries; but by the next
proposition I will endeavour to show that the cohesive forces direct
the surface pressures upon the vertical solids lineal to their planes,
and this will limit the action of the surface extensile forces as out-
ward pressures, particularly in very close areas.
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19. PROPOSITION: T/at the cohesive force, by which the molecules
seek the greatest area of attractive surface (11 prop.), is a cause of the
- continuity of the rise of liquids against solids particularly in tubes
and close areas, where the liguid surface is of limited extent, and sup-
ported by near resistarices.

a. Assuming extensile forces under the conditions given in the last
proposition to cause a certain small elevation of a liquid against a
vertical solid, the cohesive forces of the molecule seeking the greatest
area of cohesive contact would szpport such elevation as a rigid sys-
tem, but by its own action it would not elevate the system of a liquid
from its level plane in equilibrium of repose; but conjointly the ex-
tensile and aerial cohesive forces proposed would cause this eleva-
tion. It may nevertheless be observed that these forces would act
in no case otherwise #an as surface jorces, and would not be the
entire causes of the maintenance of a liquid high up in a fine tube,
as this will depend principally upon adhesion and mass cohesion
of the liquid ,to the tube upon conditions to be hereafter con-
sidered.

6. The extensile force at the boundary of a liquid surface, con-
sidered in the last proposition, will account for the circumstances
of deflection of a liquid against any vertical solid plane. The plane
in this case may act in one of two ways according to the cohesive
forces manifest at the surface of the liquid in relation to the attractive
forces for the solid. If the solid body has no attraction of adhesion to
the liquid, but an apparent repulsive force towards it, the liquid by its
molecular cohesion will not rise against the solid, but will establish a
rounded edge upon its own mass against it, as we find mercury does
against glass. In this case the molecular forces of the liquid seek
equilibrium by attraction to the greatest molecular area (11 prop.,
page 30) in their'own mass conjointly with molecular surface extensile
forces. The lateral supporting vessel, not entering into the system of -
attractive forces, is to the liquid z¢gazive, or as the continuity of the
aerial surface to a plane of cohesive equilibrium, therefore the
cohesive mass of mercury acts as the oil to the dilute alcohol. in
M. Plateau’s experiment mentioned (11 prop. ¢, page 32). In the case
of mercury in a tube we have outwardly a flattened nearly globular
surface in gravitation equilibrium with equal surface extensile forces,
the same forces producing nearly cylindrical edges in all cases in
open areas as when resting upon a level non-adhesive plane.
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¢. In the case of mercury in a tube, there being assumed no
attraction to the solid by the continuity of attractive forces in the
liquid, this is drawn down by general cohesive forces upon itself
according to the conditions shown (11 prop. &, page 30), under such
circumstances there is no necessity to assume repulsive jforces between
the liquid and the solid, as the excessive intermolecular cohesion of
mercury is sufficient in itself to overcome other weaker forces for
the depression, in this case observable; the glass being assumed to
be quite neutral to the mercury, or even if it were nferiorly attrac-
tive fo it (negative) relative to its own intermolecular attractions, the
same would occur. If by the conditions present any liquid is unable
at first by its adhesive force to touch a vertical solid at its aerial
plane it will form a rounding surface.

d. If, on the other hand, the vertical surface of resistance to the
extension of a liquid plane is a solid, to which the liquid is freely
adherent, the force of this adhesion may be equal to that of the inter-
molecular forces of the liquid pger area, or greater or less than this.
We will take a case in which we may assume them greater. Then,
by the superior attraction, the liquid surface in equilibrium will by
its attractive forces, form a hollow circular curve inscribed in the angle
of contact of the vertical surface of the solid and the horizontal sur-
face of the liquid (11 prop., page 30), if we neglect the influence of
gravitation, which would enter with a certain force into composition
with the molecular surface forces proposed.

e. Now taking the "above conditions, but admitting the con-
stant action of gravitation to be sufficient to materially reduce the
surface rise of a liquid system against an adhesive solid. If we
assume a surface extensile by condensation, it may be equal as a
supporting system, and give extensile rigidity to the surface plane
of the liquid; that is, it may be inversely proportional to the de-
pressing force of gravitation, and the molecular attractive forces of
the liquid surface system simply may be manifest through the com-
position of all other forces present, and the area of surface be a
circular concave by the free action of its molecular surface attrac-
tions alone. This would appear to be a very general condition of
capillarity in small areas. Under these conditions a liquid resting
against a vertical attractive surface may be theoretically satisfied
by principles shown in the following diagram:—

Let A be a liquid mass, the general conditions of which will be
as those proposed in (prop. 16). :
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/. Let B be a vertical surface having equal molecular attraction
or adhesion upon the molecular system
as upon the liquid at A. If we omit the
action of gravitation, and assume B to be
wetted by the liquid to ensure cohe-
sion; then the surface molecules seek-
ing the greatest area of radial forces
about their centres as given in (II prop.)
would be in equilibrium at aécde, the
liquid being contained within the angle -
produced by the lines A B by an inscribed Fig. 16.—Cohesive Surface Forces.
quadrant of a circle.

& If gravitation forces were active in a superior degree to surface
extensibility by condensation, or resistant solids were too dis-
tant to support the general cohesive surface system, then the first
molecule a, keld on a plane of repose, would not be in symmetrical
equilibrium with the next molecule upon the plane z; this molecule s
would be therefore pressed outwards from the angle upon the plane,
so that the curvature would be more nearly elliptical, and the whole
system would be under elastic strain, in which the extensile strain
upon the surface of the liquid would permit the support of a certain
mass of liquid only in the angle by surface molecular forces against
the action of gravitation, which would be active in bringing down
the entire system to a hyperbolic curve. :

/. 1f, on the other hand, we assume the point z to be firmly sup-
ported, this would maintain the liquid hollow with greater rigidity,
or if another plane were elevated above the liquid vertically at z, this
being opposite to the first at the same angle as A B, these angles
would then conjointly maintain the liquid with greater rigidity by
completing a semicircle of curvature of the liquid surface between
them. It will be also seen that, as by my theory, the surface mole-
cule always seeks the greatest area of surface contact with a certain
force, and that this is best satisfied by the smallest cﬁrvature, and
by this also the surface extensile forces are deflected to positions
lineal with the solid against which the liquid rests; so that this
extensile force becomes nearly inactive upon the solid to press it
outwards. At the same time by the strength of cohesion the surface
hollow tends constantly to decrease its radius with a certain force.
It is on this principle that two free globular solids floating upon an
adhesive liquid, when near, are drawn together by the strength of

e
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surface cohesion in the liquid molecules seeking the greatest area of
contact by internal curvature. The same also occurs when the
floating bodies have attraction for the liquid inferior to the inter-
molecular cohesion of the liquid, where an outward rounding is
established in the liquid against them, as in this case also by the
depression of the rounding surface the molecule of the liquid finds
the greatest area of contact in the approach of the floating solids.
On the other hand, in the case of two free bodies floating on a liquid,
the one adhesive to it and the other non-adhesive, the hollow liquid
surface of the one coming against the rounding liquid surface of the
other, the greatest area of molecular contact is then found in a plane,
which, as a rigid system of surface, acts repulsively to the approach
of the two bodies (18 prop.) which would upon approach cause, by
the opposition of surface curvatures, a less area of molecular contact.

20. PROPOSITION: TZ/at the cokesive jforces of liquids arve directly
proportional to the nearness of the parts. So that upon a concave or
a convex surjface the cokesive forces constantly tend to make the radius
of curvature less, acting with elastic surface forces equal to the strength
of the colesion of the liguid to produce this result.

a. Referring again to Fig. 11, page 45, we may assume that the
plane of surface molecules A A’ will be held in attractive positions
by the plane B B'; the molecules A A’ intruding by their attractions
within the plane B B’ upon their lower sides, but that in the open
space above the surface A A’ there are present no such intrusions;
therefore the tendency of the surface molecules would be to draw
themselves together if not resisted by the attractive forces acting in
the lower plane. Now, if upon the level plane these molecules exert
a certain lateral attractive force towards each other, although this
force be effectively neutralized by the attractions of the lower plane,
yet if this plane by any cause be deflected so as to become concave,
the surface molecules would then exert more lateral attraction from
their nearness, and if the deflection be convex, they would exert
less lateral force from their greater distances. We may further con-
ceive that in relation to the plane below, the greater the concave
deflection, the nearer the surface molecules would arrive at a state of
circumferential equilibrium (11 prop.), therefore press less by their
plus attractions upon the lower plane, and the more the surface was
deflected in a convex form, the less would be the lateral attrac-
tion of every surface molecule about its centre, and the more it
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would press downwards, so that the level surface would represent
a condition of cohesion under a constant strain although in equili-
brium, that a greater curvature, either concave or convex, would
partially release in one direction.

4. As 1 have assumed every molecule of a liquid system to be
surrounded by elastic forces (8 prop.), the surface system of liquids
must necessarily be elastic also.:- Further, as in cohesive elastic
masses, if one plane of strain is under deflection by'a force that
neither increases nor decreases the general equation of forces in the
mass, then the elastic compression on this plane must be some-
where compensated by an extension in another part. Thus, if we
assume the attractive forces upon the molecules of a concave surface
film in a capillary tube to be a self-contained system, then by the con-
ditions given in the last proposition, if this surface attracts the mole-
cules so as to produce a hollow with a certain force, which at the
same time compresses the liquid laterally at the surface, there will be
somewhere in the system an equivalent extensile force which estab-
lishes the elastic equilibrium. This matter may be roughly demon-
strated by an experiment as under.

c. If we take a piece of vulcanized india-
rubber of the size represented in the engrav-
ing, say 1} inch by } inch, and of any thick-
ness, and make dots over the surface with a
pen at equal distances in three lines, and now
bend this into a hollow as in the engraving
by a force upon the india-rubber, assumed
to represent the lateral attractive surface
forces of the molecules in the concave area, in- oy ity

Elastic Position of Surface Forces.
ducing them to make the greatest area of con-
tact (11 prop.); then the molecules on the surface plane A A’ as they
are drawn together will be condensed, and have thereby a tendency
to extend upwards upon the surface D D’ at the termination of
these planes, and the molecules below the surface, retaining their
polar or pressure positions, will have also a tendency to distend
outwards from the axis of curvature, so that on the surface
molecular plane under internal curvature there will be a kind of
tension caused by attractive forces, but at the terminal edges of
this surface there will be an extension which will press the liquid
further up the surfaces represented by D D'. On the planes below
there will also be an extension that will press the liquid against
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the tube, the extensions at the upper edges and lower planes produc-
ing an inflection of the surface plane. Therefore that the entire
liquid acts as a tension to draw the sides of the tube together and
rise in the tube, is that the surface molecules seeking the greatest
area of contact act always with force to decrease the area and
increase the curvature, at the same time the surface extension A A’,
Fig. 17, being directed upwards by the cohesive surface forces
lineal to the plane of the vertical surface, and the lower extension
BB CC’ pressing matter towards the periphery of the tube to
supply the surface extensions, but with small force only. It is im-
portant to observe in the above case, that the cohesive forces which
draw the surface molecules to closer curvature, and th/ereby, by the
elasticity of the system, cause them to appear to act as a tension
of the surface upon the vertical solids against which they are placed,
act at the same time as an extension of this surface at its boundaries
in the same manner as indicated 18 prop. 4. It will be seen that
the theory here proposed, in which the contraction of capillary
areas is the result of the elasticity of the surface forces only, is quite
opposite to that of Monge, wherein the surface molecules are repre-
sented by Zintearia, the separate molecular tensions resembling the
dragging action of the links of a free hanging chain. If a liquid
could possibly rise in a tube under such surface tension, with the con-
stant force of gravitation pulling normal to this, there would be pro-
duced a curve similar to that observable at the capillary surface in a
small vertical tube; but exactly the same surface form is produced
in opposition to gravitation when the liquid is suspended in a fine
tube, or when it rests horizontally in one, so that the surface curva-

ture observable in capillary action in close areas is

A B independent of gravitation, or it may be so.

d. By another experiment I was able to observe
the extensibility of a liquid plane immediately
below the surface. If we split off a very thin scale
of talc, this will be found sufficiently flexible to be

[ folded upon itself, and if the fold is rubbed down
upon a smooth surface with the thumb nail, the talc
will be broken and remain quite close, so as even to
possess a certain elasticity of closure. If we now cut
the doubled talc with scissors, into a square of half
an inch or so, leaving two projecting points at the ends of the fold,
we may suspend this, by two fibres of silk, so as to leave the free

Fig. 18.
Internal Capillarity.



20 Prop. ELASTICITY OF SURFACE FORCES. 61

edges downwards. If the talc planes are now lowered in water, upon
first contact the water will instantly rise between them, and if the
planes be open they will at first be drawn together, but if we con-
tinue to lower them we find that at a certain point they will open
out, and as we lower them more they will open more, the effect
being the same as that produced upon the dots on the india-rubber
in the previous experiment, where the lower dots are opened out in
the same ratio as the upper ones are closed.

e. Upon these principles every concave surface system will have an
elasticity which will tend to press the liquid against the tube or close
area, at a plane not distant below the surface, and at the same time
the cohesive surface forces will constantly bend over the extreme
surface; under these conditions the extensile pressure would in-
crease the adhesive and cohesive forces in the same ratio upon the
solid (18 and 19 props.), and the liquid would be drawn by near
attractions through pressure and its increased density to the area
of ncarest contact™ by continuity of forward pressures until the
elastic surface forces became in equilibrium with the resistances and
the general cohesion of the system of supply; or, if the system were
vertical to this strain, and to that of the resistance of friction and of
gravitation conjointly; as, for instance, if a free drop of adhesive
liquid were placed in a conical area, it would move towards the
vertex of the cone by the forces here defined being more active in
the smaller radius of surface curvature, as also by the surface
density impressing the greatest lateral force, every movement at the
same time by surface deflection increasing the curvature; or, if it
were connected at the base of the cone with a mass of liquid, it
would move towards the vertex until the liquid surface forces
equalled the resistance of cohesion, friction, and gravitation com-
bined.

/. If we now take the conditions of a conver liquid surface; in this
case the surface molecules will be farther apart, therefore their attrac-
tions to each other will be less. But as the cohesive forces to the
mass will be now further out of equilibrium with radial forces, these
attractions will be proportionally stronger on the mass system
beneath. Further, these outer molecules will, by the angle of con-
tact on those beneath, have greater force of intrusion, so that as the
convexity increases the surface extensile forces will increase also.

g The free aerial elastic surface forces here assumed for convex
areas by the conditions offered above, will have a certain tendency
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to extensibility; and if we consider them as being impressed on a
certain stratum of neutral liquid they will be active upon one side,
that is, upon the upper or aerial side of the stratum taken. Suppose
the extensile force upon the aerial surface by itself to be equal to a
force that would increase a small circular area by }, then the stratum
of the liquid considered would be in extensile equilibrium from this
cause when its exterior superficial area exceeded its interior by }.
It is clear that in a thin stratum this would produce a regular
spherical curve of rapid curvature, if the surface stratum were free
to extend in the ratios of the extensile forces present.

4. By the conditions just proposed exterior extensibility of a
limited small mass would find static equilibrium at a certain out-
ward spherical curvature; and if we were to consider the position of
any lineal plane of a liquid surface at this curvature in equilibrium
as equivalent to that of an elastic lineal solid body in a static posi-
tion, we might then compare it with this body. For instance,
taking one direction of the spherical surface of the liquid at its
assumed curvature of equilibrium to be represented by a narrow
semicircular steel spring of perfect flexibility, as a part of a watch-
spring sufficient to form the letter C,.then we should find that, to
straighten out this spring to a flat plane, it would take a constant
force nearly proportional to the distance moved in straightening it
about its axis of curvature.

2. If a liquid surface under the conditions given above were free
from lateral attractions, the extensile surface action of liquid (16
prop.), acting rapidly, would extend the upper surface considerably,
and bend it over at the boundary edges of this surface. Thus if
the liquid formed a thin stratum over a small part of a solid
horizontal plane, the edges of such stratum would be projected
forward to the front of the liquid over the area of contact upon
which it rested. Under these conditions the surface extensile
forces would be placed in equilibrium with the forces of adhe-
sion of the liquid to the solid, and when the liquid became in
equilibrium with the action of gravitation upon the system it would
cease to move forward outwardly over the plane, but retain its
beaded edge stationary. This will be the ordinary condition of a
small volume of liquid resting upon a level plane, deposited without
pressure, as, for instance, dew or drops of water upon glass. There
is no doubt, that, by increasing the attractive force for adhesion of
the liquid to the solid plane, as, for instance, by chemical action, as
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by the presence of an alkali spread over the glass, the circumstances
may be modified, but not sufficiently so as to preclude the possi-
bility of clear observation of the principles here shown, as we may
clearly conceive from the action of a drop of water falling even upon
water, near the capillary edge of a vessel, as observed by Brewster,
in which case the drops roll over the surface, and do not enter it at
once nor spread upon it immediately.

7. The following diagram will represent the compound conditions
of surface extensibility, cohesion, and attraction in two cases. Let

Fig. 19.—Drop on a Plane. Fig. 20.—Capillary Edges.

Fig. 19, represent the surface extension of a liquid, the cohesive forces
being brought into equilibrium on a plane surface of a solid; the
same conditions hold where the surface is in a tube if there is
present no excess of external attraction over mass cohesion to the
vertical solid, as before observed, so that the liquid cannot touch
the aerial plane. Fig. 20 represents by the direction of the arrows
surface extensibility, attraction, and general conditions of capil-
larity against a vertical attractive solid, or one at first neutral and
previously wetted to produce a hollow surface flexure. The sur-
face extensile forces in these illustrations are of the same values in
both cases, although derived from different causes, the internal ex-
tension being caused by crowding, the external by zntrusion; they
are also conditions common to the same liquid: in Fig. 20 they act
directly normal as a pressure upon the vertical plane, upon which
they are deflected; but in Fig. 19 they act parallel to this plane, and
in like manner are deflected by its adhesion; the intermolecular
cohesive forces of the liquid (11 prop., page 30) being at the same
time strengthened by approach. I anticipate that inflection of a
liquid surface to a very small internal curvature by capillary action
produces a relatively powerful extensile strain by increase of density
upon the extreme surface; so that in this case the inflection will be
equal at the surface, to increase the density of the liquid system, to
the same surface conditions as are presented by a considerable
exterior pressure upon a level liquid plane.
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£. The similarity of elastic deflections, therefore, of extensile forces
in a curved surface under the two conditions, where a surface is made
round and hollow, may be shown experimentally by raising and
lowering a floating body on an open surface of water; this may be
conveniently done by lifting the needle or wire described 16 prop. f,
which will form a very interesting experiment quite in opposition to
the theories generally assumed for the conditions of small dense
floating bodies. ;

Take a polished wire as before, of an inch in length, and of about
‘04 of an inch in diameter, well cleaned with potash liquor, and wiped
on a clean cloth. Now carefully attach near to each end upon one
side of the wire a fibre of cocoon silk by means of shellac varnish
This attachment may be immediately dried if we place a hot body
a short distance over it. The wire may then be suspended horizon-
tally by the fibres to any support. Place the suspended wire in the
centre of a vessel, and pour water into the vessel until it nearly
reaches the wire. If we now take a syphon formed of a fine glass
tube, and filled with water, and place one end of this deep into the
vessel already described, and the other end in another vessel contain-
ing water; then by raising or lowering the second vessel we may
very slowly raise or lower the water to or from the suspended wire.
If we now carefully raise the water, the wire will make contact and
float exactly as in the experiment illustrated in section, Fig. 12, page
47, the silk fibre remaining quite loose. If we now gently lower the
water, the wire as it comes above the surface will draw the water up

Fig. 21.—Floating Needle lifted from Water.

with it, as in other capillary phenomena. When the elevation is at a
certain point,the same form of curvature, but inverted, will be produced
at the surface as we witnessed in the depression. This is shown in the
illustration, Fig. 21 above, which may be compared with Fig. 12.
These operations of lifting and lowering may be repeated any number
of times with care, without removing the wire from contact with the
surface. This experiment is valuable in another way, in that it
shows that molecular surface displacements which produce capillary
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phenomena are not instantaneous, for if they were so it would be
impossible to raise the needle above its normal contact plane upon
the liquid surface.

. Under the conditions here proposed, that of increasing the
elastic rigidity of surface in a liquid upon a solid, by increasing the
radius of curvature contra to the naturally extensile surface of a
liquid, either by crowding or intrusion, it may at the same time
be observed, that the capillary action will depend mostly upon the
elasticity of the system of the liquid, which may be taken in con-
junction with the strain produced by inflection. A less rigid
liquid system producing less surface compression at the same curva-
ture, which would, I anticipate, in all cases be for the same liquid,
proportional to its density. Thus water at 4° Centigrade would
rise higher than at any other temperature by this cause, except
perhaps, at the instant of ebullition, when there are present other
extensile forces yet to be considered. By the same conditions also
of elastic rigidity, water will rise higher than other liquids, admit-
ting the conditions proposed for this fluid (12 prop., page 34), the
same being also evident for its support upon the surface of solids
(16 prop. 4, page 45).

m. Some theoretical deductions of Professor James Thompson of
Belfast, since verified, tend to show the important law, that the
melting-point of a body which expands in congelation would be
lowered in temperature by pressure, while a body that contracts in
congelation would have its melting-point raised by pressure. Now
water is of the class of bodies that expand in congelation, and it has
been since shown experimentally by Sir W. Thompson that at a
pressure of 16'8 atmospheres the freezing-point of water was reduced
—0”13C. M. Despretz has shown that in fine capillary tubes water
may be lowered to —20 C. without freezing. If this can be taken as
a measure of the surface molecular compression caused by extensile
force in the inflection of elastic surface for water which prevents its
freezing in the tube taken by Despretz, it would indicate that the
extensile forces under these conditions are as great in the tube
in question as could be relatively produced by 128 atmospheres
upon a level surface, supposing the surface compression to retard
the freezing, and assuming the freezing to commence at the sur-
face, as is commonly observable. I only offer this case as one
quite hypothetical, as we are not very certain of all the conditions

of freezing or of crystallization. Crystallization of water or other
5
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liquids appears to me to depend very much upon the facility of
motions of the molecules to permit reformation to new polar posi-

tions (6 prop., page 15), and some other conditions not yet recognized
by science.

21. PROPOSITION: 7Vt surface forces of extensibility and cohesion
affect the surfaces only of liguids for a very limited depth. Therefore
capillary action, so far as its action at a distance below the aerial
surjface 1s concerned, is dependent upon the cohesion of the general system
of the liguid and of its adhesion to the solid.

a. The attractive forces that may be conceived active through
adhesion alone would fairly represent the effects of capillary action
for certain cases, but such adhesions are not easily accounted for
unless they are attractions to mass, and in cases of capillary attraction
it is possible that mass may act only as a weak force. The important
experiment of M. Plateau mentioned, 11 prop. ¢, page 32, shows that
mass acts as a very weak jforce for the cohesion of liquids, if it acts at
all, as the globe of oil in the case given in the paragraph referred to
is not deformed by a heavy iron ring, which it evidently would be
under any form of active mass attraction in the liquid about the
solid. Therefore I suppose that the rise in capillary tubes is almost
entirely due to cohesion (11 and 19 props.) and surface extensibi-
lity (16 prop., page 45), previously proposed, with such components
of elasticity as are produced by inflexion considered in the last
proposition. The whole of these forces being assumed to act contra
to gravitation in the elevation of a vertical capillary system, but I
assume that the maintenance of a tall volumne of the liguid in a close
area above gravitation equilibrium is largely due to the adhesional
and cohesional forces now proposed, as the surface force is active
only within the liquid at a position very near the aerial plane.

6. In the case of glass and water we have evidence that the ad-
hesion of the water to the glass after intimate contact is a superior
force to the intermolecular cohesion of the water, as, in the separa-
tion of a clean disk of glass from the surface of water, the line of
fracture or separation is always at a distance from the surface of the

_glass; this distance being uniformly at about ‘12 of an inch in the
water below the line of contact. It must be conceived that this is
within the »adsus of attraction of the glass from some cause, as the
liquid system being homogeneous must evidently break in the
weakest plane, or that which receives the greatest gravitation strain
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upon its cohesive system. Further, one sheet of glass will lift
another below water, and a sheet of glass wetted with water will
retain a certain stratum of water upon it even if placed in a vertical
position, without the water flowing down, which is evidence of the
intimate cohesion of the thin surface of water being superior to the
force of gravitation upon it.

¢. Newton has briefly discussed cap1llary action, and has given
the ratio existing for distance between two vertical plates of glass to
the height that the water will rise between them, in which he says
this? “will be reciprocally proportional to the distance very nearly; jfor
the attractive jforce of the glasses is the same whether the distance
between them be greater or less, and the weight of water drawn wup is
the same if the height be reciprocally proportional to the distance.”
This is perfectly consistent with the observed action of adhesive
forces that are active from some cause nearly inversely proportional
to the square of the distance within a very limited space. New-
ton further shows that the height that water will rise in a slender
glass pipe will be reciprocally proportional to the diameter of
the pipe, and will equal the height to which it rises between two
plates of glass, if the semidiameter of the interior of the pipe
be equal to the distance between the plates. These conditions
appear to be quite true and clearly definable as components of
adhesional forces for the fixed position of the liquid after contact
or elevation within the tube. Upon the certainty of these conditions
it appears to me probable that the adhesional forces in liquids
most probably extend beyond the first line of contact by propor-
tionally strengthening the cohesive forces of the liquid molecules
by attractive forces inversely proportional fto the square of the distance
Jrom the surface of contact, and which may be taken as a whole or by
consecutive attractions with like effects. These adhesional forces are
probably derived from the intermolecular pressures caused by the
pressure of the surface of the solid against the liquid. According
to conditions of 10 prop. ¢, page 29, by which the hydrostatic pres-
sure upon the surface of a liquid resting against a solid causes in-
termolecular intrusions of the same kind as proposed, 16 prop. a,
page 45, for aerial surfaces; these intermolecular intrusions acting by
a certain amount of suppression of elastic intermolecular space,
increase the molecular attractions, and thereby practically extend
the forces of cohesion to the solid, as adhesions which are found

L Opticks, 31 Query.
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to act inversely as the square of the distance for a small distance,
probably for ‘14 of an inch as offered experimentally for surface
condensation 16 prop. 4, which would be active for ‘28 between two
plates, or 56 in a tube of this internal diameter.

d. It is thought that capillary action is better explained by mole-
cular attractions sensible only in insensible distances, first proposed, 1
believe, by Monge, and supported by Young and Laplace. I do not
see that this helps the matter. [t is no doubt neatly true as regards
the attraction w:#4in the solid against which a liquid rests; but
practically it is not true-to experiment in the liquid itself. If the
attraction of glass for water were active witiin the water at insensible
distance only, the disk of glass just mentioned, as being lifted from
a surface of water, would not be affected by the adhesion of the
glass, but would separate the water so as to leave only an znsensible
Stratum of watler upon it, as it is quite clear that, in the assumed
equality of the adhesive system of the entire water, near and at a dis-
tance from the solid, or of an assumed consecutive cohesion, sensible
only at insensible distances in all parts, the glass would not lift anzy
Stratum of gravitating maltler greater than the extent of the surface
attraction of the glass from all causes, and would therefore separate
from the liquid at its highest plane, so that if the glass were wetted
the distance of attraction would be so small as to be imperceptible.

¢. Newton has also recognized both the cohesive and surface forces
for the liquid, in the same query, for he says that “If a large pipe
be filled with ashes well pressed together, and one end of the pipe
be dipped in water, the water will rise up slowly, so that in the space
of a week or fortnight it will reach the height of 30 or 40 inches.
The water rises up to this height by the action o#nly of those particles
of the ashes that arve upon the surface of the devated water, the par-
ticles which are within the water attracting and repelling it as much
downwards as upwards.” In this case the adhesive forces of the
entire tube would support the mass of the water, razsed at first by the
surface forces. Newton’s proposition appears to define the mat-
ter clearly without stating the causes of surface forces, the theory
of which has proved and still remains the great difficulty to all his
followers.

/- We may conclude, nevertheless, that the theory of capillary
rise in a tube would be defective without consideration of surface
forces, as we are assured that the adhesive force simply, as it is
uniformly distributed over a solid will not of itself wet or spread a
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liquid indefinitely when it is placed upon a level surface, where
there is present no gravitation force to resist this extension such as
we find present in the case of a vertical tube; this it should cer-
tainly do if the capillary action were due to its attraction to the solid
simply at its nearest plane; for upon the level plane it would act
under no restraint from gravitation, but be aided by it, and the
principle of its first attraction would proceed indefinitely over the
plane until the liquid was equally wetted by a very thin stratum.
Whereas the spread of a liquid upon a level plane is quite different,
if there is no chemical action, the terminal edge is in no case a thin
molecular stratum, as it is observed to be universally under capillary
elevation (2o prop. 7).

£. The conditions of tensibility assumed for a liquid, as already
discussed, and represented by a stretched drum-skin, have been some-
times taken from the conditions of films, which can scarcely be rela-
tive to the surfaces of masses, as the position of the attractive matter,
therefore of the attractive forces, of the molecules are upon a different
plane; those in films being placed lineal to the attractive matter,
those in masses normal to it. If we assume capillary surface simply
tensile as the film would be, then it would be clear that such tension
would be pulling the liquid towards the centre of a capillary tube,
and thereby lower the liquid by decreasing the possible attractive
forces which would otherwise exist naturally against the solid surface
of the tube, together with the hydrostatic pressures present.

22. PROPOSITION: 7at the rise oy a liguid against the surface of
an adlerent solid is proportional to the support the elevated liguid
Jinds in the closeness of the parts of the contiguous solid and the liguid
coheston conjointly.

a. By conditions proposed, a convex surface of a liquid may find
equilibrium in curvature (20 prop. %). If a liquid rise against a
concave solid the exterior surface of the liquid will by its convexity
be approaching equilibrium, and be thereby of more open structure
than if it rested against a concave surface, which I have already
assumed will be in a state of lateral extension. Under these condi-
tions a liquid resting in a concave surface will be more free from lateral
pressure to move upwards; for although its radial compressions will
be strengthened by the sntrusive pressures the lateral or circum/feren-
tial pressures of the molecules will be less. Therefore there will be
greater freedom for elevation by the general conditions of capillary
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action for the rise of a liquid against a concave solid than against a
convex one.

6. By 11 proposition, page 30, the particles of a liquid seek the
greatest area of contact. By 16 proposition, page 45, the surface
molecules exert efforts of intrusion which make the surface extensile.
By 21 proposition a solid may act by adhesion with limited force
as a mass of liquid in its attraction to the surface of the molecule.
Now suppose a surface extensile, as I propose, the liquid will by this
means have its attractive forces strengthened to rise against a solid,
if the solid present a greater surrounding area of attraction to the
surface molecules than these molecules possessed in their position
of lateral equilibrium upon the liquid surface. Further, the mole-
cules will rise proportionally to the extent of attracting surface that
from all causes lifts them upwards. Now, if we take a solid body of
almost infinitely small cylindrical area, and place this vertically in
a liquid, in this case, as the molecules rise against the small cylinder
they would have to be placed in such a form as to be compelled to
follow the outline of the cylinder at the liquid surface. It is clear
in this case that the surfaces of contact (11 prop.) per area of each
molecule would be less than when the molecules rested in lateral
equilibrium in the plane of repose. Therefore by the same prin-
ciples of 11 prop. the surface liquid would not rise at all, as the mole-
cules would be thrown further out of static equilibrium by such rise.

c. If, on the other hand, we place in an adhesive liquid, a solid
body that protrudes vertically above its surface, of a small concave
area instead of a convex cylindrical one, then will the concave pre-
sent a greater area of molecular contact to establish the elevation
of surface liquid than that presented by the aerial plane surface, and
the molecular surface extensile force will be better supported by the
near parts, so that the elevated liquid molecules will be in more
perfect static equilibrium by this elevation.

d. If the attractive force of a liquid from all causes be measured
against an open vertical flat plane of a selected solid rising from the
liquid, this measurement may be taken as the unit of attractive force
the liquid has to that particular solid, under free surface expansion
and mass cohesion, constituting open capillarity. A liquid against
such a surface will rise less, as just shown, than upon any concave
surface (¢), and more than upon any convex surface (), the concave
surface by inclosure being assumed to support the expansive surface
force by radial convergence upon the liquid, just as a convex surface

.
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will act inversely by its support receding radially from the convex
rigid area.

e. To investigate the general principles of the combined effects of
open capillary attraction into area of contact I took as a first experi-
ment a clean sharp razor. This I fixed .in such a manner that the
cutting edge was quite vertical to a liquid surface, the razor being
immersed sufficiently to ensure general contact for the portion below
the surface. After I had entirely immersed the razor in the liquid,
and agitated it to ensure contact, I then dried it and found
upon second immersion in the liquid at the position given for the
experiment, that from the very small amount of surface oxidation
now formed, adherence was almost instantaneous and perfect.

/- The liquid that I found best adapted for this experiment was
pure water, to which one half per cent of acetic acid was added to
give attractive force. This acidulated water made a permanent dark
line of oxide to the extent of capillary attraction upon the surface.
The rise upon the sharp edge was only just visible above the liquid
surface plane. The general elevation was as in the diagram below,
the water line being shown at A B, the rise
being greater in the hollow of the razor, fall-
ing at the angle which turned for the back,
and rising in the centre of the curvature at 4
the back; this last rise appears to be due to a
mass attraction. I consider that there was,
however, a certain amount of chemical action
which increased the capillary attraction and
gave a general compensation of forces in all
the curves; but the effect of capillarity was roughly indicated for
vertical curvature.

£ To trace more particularly the effect of curvature and extent
of near surface, I drew out with a spirit-lamp from a small glass tube,
fine tubes of various sizes, until I had a good assortment. Selecting
four of these by measuring them with a micrometer under the micro-
scope, I obtained tubes from parts of longer ones which appeared
under the microscope by the reading of a micrometer very approxi-
mately in series ‘00025, ‘0005, '01, and ‘I of an inch in external
diameters. These I fixed vertically by sealing-wax at about one inch
apart to the edge of a card which was about five inches long by two
inches wide. Taking a pan of clear water at a temperature of about
26° Centigrade I supported the card so that the ends of the glass

Fig. 22.
Capillarity upon a Razor.
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tubes were each about half an inch under the surface of the water.
Seeing by a hand-magnifier that they were thoroughly wetted on
their surfaces, Ileft them in the water for about twenty-four hours.

QULIANSSS

Fig. 23.—Capillary Surface Reflections.

The following day, on raising the glass tubes, I found them
equally wetted. They were now left immersed about a quarter of
an inch only in the water. In an hout’s time, when the upper parts
were quite dry, I read off the capillary action to the exterior of
the tubes in the following manner:— !

/. Placing my eye at an angle of about 15 degrees to the sur-
face of the water, I obtained a bright reflection from the vertical
image of a solid straight-edge which showed clearly the elevated
water near the tubes; the reflections appeared as rings of light
around the glass tubes. By a little adjustment of the eye accord-
ing to the direction of the light, a point could be found where the
first part of the palpable angle of deflection rose from the smooth
liquid surface. By placing a transparent opal glass rule above this,
the reflection of the rule was thrown into the water, and the posi-
tion of the lines of the first elevation of the water were measured
off by the greatest diameter of the reflected light, approximately.
These measurements were as follows:—

inch. inch, inch. inch.
Exterior diameter of glass tube, ‘I 'OI °0005 ‘00025
Diameter of area of deflected surface, ‘89 -5 21 ‘15

i. The glass tubes under the microscope all presented a bore of
about one-third of their entire diameter. The hyperbolic curve of
flexure of the water surface against the tube was approximately
proportional to the dimensions of it, as theory demands for attrac-
tive forces; the heights would therefore be relative to the breadths
of deflection; giving thereby the elevating force of the system.
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7. With a solid glass rod of <25 of an inch in diameter the
surface deflection extended 45 of an inch from the surface. I mea-
sured this by the reflection of a vertical window bar by moving the
eye until the reflection from the water ceased to have its outline
indented by the capillary deflection near the solid glass rod. The
greatest extent of surface deflection by a plain solid that I have
been able to produce, was '47 of an inch nearly.

%. In considering the entire attraction from all causes I found that
with a larger tube, as one ‘5 of an inch in diameter, I produced a
ring of only slight excess of diameter over one ‘I of an inch, plus
the difference of diameters, so that beyond ‘I of an inch diameter
of a mass, there would appear to be but little measurable difference
of capillary force from curvature.

/. To examine concave surfaces the following was tried for me
by a friend, as I had not time. Four tubes were selected, and care-
fully ground away to nearly half their diameters, leaving about 185°
of the internal circumference as nearly as could be measured. The
ground surface was afterwards polished. With these sections of
tubes fixed on a card in the manner described for the previous
experiment, the result showed the rise according to the following
table measured approximately in fractions of inches:—

13
Q&
Fig. 24.—Section enlarged.
Diameter of half tubes. Capillary rise.
Outside. Inside. Outside tube.  Inside tube.
210 ‘152 ‘060 ‘155
‘160 ‘105 ‘057 *235
‘110 ‘069 ‘054 ‘310
‘072 ‘030 ‘052 4T85

. In making two of these tubes of equal size for experiment it
was found that there was a slight variation in the rise of water from
the above; but the difference was too small to need a repetition of
the experiments to ensure the general principles, which is my desire
alone to follow in this treatise, and not the investigation of quan-
tities.

7. By the above experiments we may conclude that the adhesive
forces, including capillary action, evidently act in every direction
from a point upon a solid surface equally. This may also be demon-
strated by the following experiment:—Cement two clean glass plates
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together with an intervening slip of thin glass between them along
one pair of edges as shown above, A; leaving the opposite edges near
B open. If the plates be now thoroughly wetted with water con-
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Fig. 25.—Capillary against a Supported and an Open Plane.

taining a little alkali and then placed erect in the water the water
will be elevated against the surface of the thin slip of glass A in
volume inversely equal exactly to the depression at the open edge B.

Extensile surface strain producing drops in small jets.

23. PROPOSITION: T/t the extensile force active within a plane
or convex aerial liquid surface, is a cause of the separation of a fine
liquid stream into drops.

a. The expansive aerial surface force upon a plane or convex sur-
face will be proportional to the relative area exposed into its curva-
ture and mass for the entire expansion; and in composition of forces
the expansion will be active proportionally to the distance of effec-
tive penetration of the surface force in the stream (20 prop. /%, page
62), so that small streams will be measurably affected by it. But
in larger streams the active surface forces
in their power to induce any movements in
masses will be almost infinitely small.

4. The mode of action of extensile aerial
surface force on small jets may be shown
by the following diagram:—

Let A A’ be a very small hole.in a thin
plate with a liquid above, the flow of which

Surfalz:gfzfé;gzt:nﬁfe 1 to the hole will be shown by the direction

of the arrow above it. A B and A’ B’ will
be the outline of issue by the composition of internal forces to form
a vena contracta, which will be hereafter considered. Let an ex-
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tensile surface force deflect the issue outwards, and enlarge the
stream as shown at C C’ in the ratio of circumferential surface expan-
sion. This expansion will take place also longitudinally upon the
direct lines of the stream, contra to the-central cohesive forces of
the jet here assumed to be small, and by expansion the stream will
divide into separate units or systems in equilibrium, as drops; the
direction of the forces being as shown by arrows in the diagram
above. In the engraving the projection is shown downwards;
exactly the same effect will be produced if it is projected upwards,
so that this action is independent of gravity.

¢. If we could assume, on the other hand, that an aerial, lineal,
or convex surface of a liquid in mass were Zensile, the stream at
issue should have a force of contraction exactly opposite to the above;
therefore by this immediate contraction a cylinder of less diameter
than the size of the hole would issue. Further, the stream would con-
tinue in the same form as at its issue by the constancy of the tensile
strain upon it supporting its general cohesion; this same force would
also tend to constantly decrease the cylindrical circumference of the
stream, and keep up the continuity of the same form in any small
free cylindrical jet projected downwards, and thereby prevent divi-
sion, so that with a tensile strain, the water would fall to the ground
in thread-like masses instead of drops.

d. By the principles of extensile surface strain, which I assume to
actually exist on the surface of plane or convex masses of liquids, we
may conclude, that if this force were active upon a fine falling liquid
stream, that the central cohesion of its mass would be broken if the
longitudinal extensile surface force were sufficient to overcome its
cohesion in a very small unit of time. In this case, by the expansion,
every free part of the falling liquid would be projected separately in
drops, as soon as its central cohesive force could be released from
surface strain. Further, every jet under any conditions in falling
or rising would have this tendency to separate into drops.

e. The value of the extensile surface force of the stream in its
power to break the mass cohesion of a jet would depend upon the
size of the jet, for it is quite certain that if we assume the cohesion
of the liquid as a certain force, and the surface extensibility as
another force; then as the surface of a body constantly increases
in inverse ratio to its decrease of mass, or in proportion as the dia-
meter decreases; there will be a certain size of jet wherein the surface
extensile force is in equation with the cohesive force, and for smaller
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Jjets than this the surface extensile force will be the greater, so that
the stream must be separated by this, if the force acts immediately.
Therefore fine streams from this cause will be detached into drops
Zmmediately on issue; and although we may imagine that the cylin-
drical issue will have extensile surface forces active upon it, every-
where alike, it will, by the extensile force present, be in such a state
of unstable equilibrium upon the whole surface of the cylinder, that
the smallest disturbing cause in the air or otherwise would tend to
release the surface forces to equilibrium, which could only be found
for a free liquid body in the globular form, or in free drops. In this
manner waterfalls from great heights, as the Staubach Falls in
Switzerland (1000 feet), have their waters divided into spray of fine
drops before the stream reaches the bottom of the precipice from
which it is projected. The same also occurs in principle in the pro-
jection of water in large fountains, as at the Crystal Palace, where
the vertical issue from a pipe of apparently 2 to 3 inches diameter
is reduced to fine spray in about 50 feet of projection.

/. By the conditions offered (16 prop. 4, page 46), the extensile
surface forces of cohesion will be in equilibrium (11 prop., page 30)
when the external curvature of a cohesive system equals the
disposition of these forces to distend (20 prop. 4) by molecular
pressure upon the central cohesion, so that at a certain size a drop
of water would be in perfect equilibrium of cohesion in relation to
its surface distension. In such a condition exterior molecules
(11 prop. @) would not be able to intrude themselves into the mole-
cular drop system without pressure, as the internal resistance would
be in equilibrium with the external separate molecular pressures
upon it, and in this case the drop would not further enlarge by con-
tact of like liquid upon it, without pressure. Possibly this is a con-
dition that nearly holds in rain-drops, so that vapour and smaller
drops do not easily further compound in the static drops after they
attain a certain size in equilibrium with cohesive and surface forces
active upon them. Whereas, in the formation of hail, this not being
subject to fluid surface forces, condensation may continue to enlarge
the volume of the hailstone to any extent.

g. Tension of surface has also been inferred as necessary to the
production of spherical drops in free aerial fluids. This might be, or
not, equally consistent with the effects observed; as the cohesive force
of liquids proposed in 11 prop. is quite sufficient in itself to assure
us that the free drops will be globular whether the surface be equally
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tensile or extensile, if the cohesive forces exceed the surface forces,
which they in all cases appear to do. In the spheroidal state of
water upon a hot plate I anticipate that the surface must be un-
doubtedly expanded by the heat, and can be withheld by nothing
except the cohesive force of the liquid system, which is surrounded
possibly, by a surface expansion into elastic critical surface fluid, the
dryness, and therefore the non-conducting power of which, and the
presence of surrounding vapour prevents excessive evaporation.

Motive continuity of surface extensile strains in surface
movements upon liquids.

24. PROPOSITION: 7Tt in the extensile surface of a liquid, dis-
turbances by compression wupon the surface that produce a greater area,
will be persistent in extensions over the surface in proportion lo the
Jorce of extensibility of the free surface.

a. As a free liquid surface under the action of gravitation is found
to be a level plane, every possible disturbance will necessarily in-
crease the area of this plane.

b. We are indebted to the valuable researches of Mr. J. Scott
Russell® for the very important discovery, that a protuberance raised
upon a surface of water in a parallel channel by any means, will go
forward in the direction of its original impulsion for great distances,
even for miles, without greater decrease of altitude than can readily
be attributed to molecular friction of a moving system, so that the
surface curvature once produced is maintained with considerable
force. ' In this matter we may conclude that 7f #ke surface force were
extensile it would support a protuberant wave. If it were tensile the
tension would constantly be active in lowering the wave. 1 wish to
call attention to this fact only upon principles of surface tensibility.
I will return to the consideration of the general principles of this
nearly frictionless wave further on.

¢. By another interesting experiment offered by Mr. J. Scott
Russell (page 377 of the same reports) a wire a sixteenth of an
inch in diameter 1s inserted for a very short distance in the still
surface of water in a large tank. The wire is then moved forward
with a velocity of about one foot per second. It is found that the sur-
face of the water in front of the wire is rippled up in small waves,
of which 12 to 20 may be distinctly counted; whereas, following the

L British Association Reports, 1844, page 310.
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direction of the wire, the water is nearly still, or only affected by
very faint undulations. The rippling or crumpling up of the surface
extends to about three inches in front of the moving wire. It would
appear to be necessary in this case that the water must possess an
extensile surface force to form this undulatory surface in front
of the direction of motion under the impression of the small moving
body at so great a relative distance from it. If the surface were
tensile, it is presumable that it would open to the impression of
the small moving body, and the distance ruffled in front would be
very small. We may conclude that as soon as the surface is ruffled
in small undulations it loses a great part of its rigidity, and that
this is the cause that the extensile compressions can be detected
for three inches only before the moving body. If it were not for
this crumpling it is presumable that from the constancy of extensile
strain its rigidity would be made evident for a great distance. I
will return to this matter further on when I take into consideration
the phenomena of waves.

Tensile forces in liquid films.

25. PROPOSITION: 7wt a free film of a liquid as a free homoge-
neous cohesive body will be under tensile strain in proportion to the
strength of attractive jorces of its molecules that causes its colesion
and by its adhesion to survounding areas of attraction.

a. Let a &, Fig. 27, represent a film, which, for the principle of the
proposition, may be a single plane of molecules, and let this plane be
distended between two solid bodies. Then will the cohesive forces

A O
e
S

Fig. 27.—Diagram Tensile Forces in Films.

in the film be attractive centre to centre diametrically, and the film
will be in Zensile equilibrium.

b. Let the terminations of the film, @ and &/, each rest upon two
molecules in the manner shown in the figure; then the area of attrac-
tion of these molecules will be greater than the area of attraction
between any two molecules of the film, and these will by their forces
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pull the film to the planes A and B, or exert constant Zensile strains
upon the film by principles discussed (11 prop., page 30) in the
attractive forces of every molecule endeavouring to find the greatest
possible area of surface attraction.

¢. If we imagine the film to be of two or more series of molecules,
as shown in the diagram below, Fig. 28, then will the same amount
of tension be established as that just discussed, as the attractions
about the exterior planes will be equal and the medial planes will
be neutral. It is presumable that in every film there are many hun-
dreds or thousands of planes. The attachments also will extend to
a cone of such molecules of many times the width ef the film, and

Fig. 28, —Diagram Films.

resemble the attachment of the molecules shown Fig. 27 upon the
_planes A B. The general conditions of the force of tension of a film
of water may be discovered by the following simple experiment.

d. Project a small jet of water into the air and ascertain the force
of its projection by the extent of its trajectory against the constant
force of gravitation acting upon it and the resistance of the air.
Again, project the jet in such a manner that it may adhere to a
surface of water in contact with it, so that it carries up a film of
water with it. The film will now under this condition suffer such
restraint to its trajectory as its tensile force will cause, approxi-
mately.

e. The apparatus I have used for this experiment is constructed
as follows:—A supply can of water is placed at some fixed eleva-
tion; a small caoutchouc tube is connected to the can to supply a
jet. The tube is of about "25 of an inch in diameter. In the free
end of the caoutchouc tube a piece of glass tube of the internal dia-
meter of the outer tube is fixed. The glass tube is drawn off to a fine
point of about ‘025 of an inch internal diameter. The can of water
is adjusted to various heights by a cord and pulley above the jet,
which is placed just within the surface of water in a trough. The
glass tube which produces the jet is held down to a light frame under
the water surface, so that it can be tipped to any inclination, and by
the setting of an adjusting screw, if so tipped, it can be restored to
the same position afterwards by the weight of the frame. This
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arrangement is shown in the figure below, A being the tipping part
and C the adjusting screw. With this apparatus the orifice of the
glass jet can be at first set to an angle to the horizon with its point
just below or at the water surface, and when the water is flowing
through it, it will project a stream entirely above the surface. But

Fig. 29.—Apparatus to Project Films.

if it is started below the surface, and again brought to the same
point of rest, it will carry up with it a film of water which will
restrain by its cohesive force the projection of the stream. I found
with this apparatus, by keeping the point of the jet at a constant small
depth below the water surface, that is at about ‘02 of an inch, that if
the jet were placed erect no film could be formed ; that if the jet were
placed at a great angle to the horizon a film would be formed, if the
force was small; but at a very low angle the force might be very great,
and the film would restrain it. Placing the can at the different heights
above the water surface the following angles were found to perfectly
restrain the film, and the following projections were observed :—

S First experiment. Height of surface of water in the can above
the water surface in trough 8 inches, angle of projection, 30 degrees
to the horizon. Height of projection of free jet in air 1°5 inches,
distance 5 inches. Immersing the jet for an instant and then
restoring it to its place so as to carry up a film of water: height
of projection with this film 5 of an inch, distance 125 inches.

g Second experiment. Height of water in the can above the water
surface 11 inches,angle of projection 25 degrees. Height of projection
of free jet in air 1'5 inches, distance 7'5 inches. Immersing the jet
so as to carry up a film of water: height of projection *38 of an
inch, distance 226 inches.

h. Thivd experiment. Height of water in the can above the water
surface 26 inches, angle of projection 18 degrees. Height of pro-
jection of the free jet in air 1 inch, distance 17 inches. When
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carrying up a film of water, height of the projection ‘12 of an inch,
distance 3 inches as nearly as could be measured.

In these experiments the cohesion of the film being equal to the
restraint of the projection into the area of the film; the entire force
of restraint of the film will vary as the difference of forces necessary
to describe the greater over the lesser range.

2. The film in these cases is quite persistent, and remains as long
as the water in the reservoir is kept at the same height. Perhaps
the above by calculations, with further corrections for collateral con-
ditions, may give an approximate value of the tension of a film of
water; as the force of trajectory is easily computed in equation with
the restraint the jet suffers by the film per area. 1t is possible that
an approximate value of the cohesive force of the water z mass
might be ascertained by the restraint to projection exerted, into the
transverse area of the film, in the experiments described above, if
the film could be rendered motionless, so that it could receive no
supply of liquid from the distension of the surface upon which it
was projected. In these experiments, however, the film will be
found to be in revolution by principles of motion to be hereafter
discussed, and these revolutions will of themselves produce a strain
upon it in the plane of its distension, and at the same time by
the tangential force of the revolution, withhold the liquid surface
upon which the projection is made, so that the cohesive forces ascer-
tained by the means I propose will be only approximate.

7- I have endeavoured by tracing all the conditions in my power,
to obtain ‘an index of the cohesive force of water by the means
indicated above. My results gave me the cohesive force equal to a
cohesion per area that would support a hanging column of water of
17 inches in depth. I have, however, reason to suppose that this
even may be too low an estimate ; but I withhold all details, as I have
no doubt such a proposition would appear extravagant, when we find
the cohesive force of this fluid is generally estimated at about % inch
only by some, and by others, on the dynamic theory, that there is no
cohesion whatever in fluids, but the reverse of this, separative action.

Extensile surface force of a liquid under evaporation.
26. PROPOSITION: T/t the surface of a liguid under evaporva-
tion is by this cause constantly extensile, in proportion fo the rate of

evaporation.

a. It is well known, that water either under the pressure of a gas
6



82 PROPERTIES AND MOTIONS OF FLUIDS. 26 Prop.

or under the vacuum of an exhausted receiver, is constantly under-
going evaporation at its surface, until the gas becomes saturated,
or the vacuous space becomes charged with an amount of vapour,
the elastic force of which, by itself, produces a certain surface
pressure; this evaporation or vapour force being in known ratio
to the temperature. When the water surface is free the vapour
that is formed at its immediate surface plane may be conceived to
exist as a superior stratum of a more attenuated molecular form of
water resting above the liquid proper, which may be necessary to
be superimposed above the water for it to remain quiescently in static
equilibrium as a permanent liquid, on conditions of surface equili-
brium pointed out (16 prop., page 45).

4. Under the above conditions we may imagine that the surface
of the liquid must be by some means endowed with a force that can
produce the expanded fluid which we term a vapour. It is also
probable that this force is partly communicated to the liquid by the
vacuum or gas that rests above it before a superficial vapour force
is formed sufficient to stop excessive evaporation. Under any condi-
tions, the vapour being in a more extended state than a liquid, as its
specific weight clearly indicates, must at the znstant of its formation
upon a free liquid surface by any cause, be endowed with a force of
expansion which will at first be at or within the liguid surface, that is,
until it rises from it, and therefore it must expand 7z or af this first
surface 77 contact. 1t also appears probable the directive force
of this expanded surface will cause by its adhesion an exfension in a
less degree of the immediate liquid surface beneath. That is, if the
first surface is by any means exfending, this surface by contiguity
of the same system of matter, will extend the next stratum beneath
in a less degree also. This expansion in liquids now assumed to
take place under quiescent evaporation, may form a stratum of
critical liquid of the kind demonstrated by Andrews, as a visible
phenomenon in evaporation and condensation of gases to liquids
brought about by the withdrawal of heat, and application of pressure
in confined areas. But in the case assumed above for an open liquid,
the critical surface is proposed to be of very small depth, and pos-
sibly more dense and elastic than under conditions where it forms a
sensible quantity of critical fluid.

¢. That a liquid surface has superimposed upon it a different
molecular system of matter to the body of the liquid, is very clearly
indicated by the differences of chemical affinity with other bodies
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that exist at this surface, which is demonstrated by the chemical and
physical differences which the two positions in and on the liquid
indicate. Thus alcohol, ethers, and essential oils as turpentine, spread
instantly over the surface, whereas they unite very slowly, or not at
all, with the mass when entirely submerged. I have found it con-
venient to consider this surface molecular system, which I assume
to be equivalent to the critical fluid of Andrews, as separate from
the liquid system proper, in which the surface molecule forms a part
of the liquid mass, as I find a liquid has molecular cohesive forces
quite independent of any superimposed vapour systems, as shown
for fluid glass (11 prop. 7, page 34), as also in M. Plateau’s experi-
ment of oil in dilute alcohol already discussed; but I anticipate that
the critical surface fluid prevents at all times the immediate evapor-
ation of the liquid by constantly exerting a certain pressure upon
the surface molecules to support its equilibrium, so that the condi-
tions are not quite according to those defined, 16 prop. &, page 46.
d. The entire expansion of a liquid surface may possibly be seen
most clearly when the liquid is in a state of violent evaporation, as
in boiling. In this state the heat forces, whatever they may be,
which cause the expansion of the water into vapour, will be most
active, and the surface expansion, if real, most direct. At the same
time any possible expansion of the surface will be withheld by the
general mass cohesion of the liquid beneath, and by the air or vapour
or critical fluid pressure above, with a force in proportion to the co-
hesion of the liquid at the temperature at which it is taken, from all
causes; so that the outward or visible surface expansion can only
occur when the extensile force of the surface exceeds the cohesive
force, together with the exterior pressure upon it. In boiling,
the superimposed pressure is assumed less than the tenacity of
the cohesion of the liquid beneath, for any minute surface depth of
the liquid that we may term a f#iZz. This film will therefore, under
the strain of distension, be so far out of equilibrium in the system,
that it will be vaulted upwards into the less resistant media above
at the instant that the expansive surface force overcomes the cohe-
sion to the mass beneath. And the vault or bubble so formed will
represent at the instant of its formation as a free surface, the ratio of
extreme expansion of the extensile force of a liguid surface in contact
witl its vapour, from all causes. At the extreme temperature of
the water the vault or bubble when formed will break, as soon as
its convexity permits the expansive force to overcome its mass
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cohesion; such breaking being generally rapidly accelerated by the
rising vapour which again accumulates from the surface beneath.

¢. In the case of heat applied to the bottom of a vessel of liquid,
wherein the vapour is rapidly formed upon the lower surface, at
slightly higher temperature than the superimposed liquid above,
the rising bubble of vapour, itself created by surface extension at
the sides of the vessel, will, by its specific density being less than that
of the liquid in which it is set free, have an upward projectile force.
It will, therefore, when it reaches the surface, aid in projecting a
surface vault or bubble, or it will otherwise, by a kind of intrusion
within the extensile surface, expand as the nucleus of a bubble.

7. If the surface temperature be lower than the boiling-point, that
is, if the surface is not in a state of distension sufficient to overcome
the cohesive force of the general liquid beneath, the small rising
bubble may simply burst at the surface or rest upon it, or even be
condensed, if the surface temperature is much lower.

& In the case of water being heated as uniformly as possible,
bubbles or vaults may be seen to rise from the upper surface only,
although the greater number will receive the first impulse of projec-
tion from a smaller bubble rising from the lower or lateral heated
surfaces, as before proposed. This principle will be easily conceived
mechanically, as the upper surface extensile force will be lineal
with the cohesive force beneath, and therefore very static. But
the lateral force of a small bubble rising by its buoyancy against
the surface film will be immediately active, normal to the extension
of the surface system, and, therefore, use its force directly to separate
the more extensile surface plane of the liquid from the less extensile
one beneath.

k. As evaporation carries off a large amount of latent heat, it is
difficult to maintain the extreme upper surface of a liquid at so
high a temperature as the heated mass beneath; but by causing
water to boil by heat applied éntirely above its surface, as by radia-
tion from a mass of red-hot metal, bubbles from extensile vaulting
of the liquid at its superior critical point may be observed forming
near the surface without any indication of a deeper disturbance.

2. The conditions for the formation of a bubble when the surface
of water is expanded by the force of evaporation, and thereby
placed in unstable equilibrium, although still retaining its level
plane, may be compared to a straight vertical rod supporting a
weight above it, in which case the strength of the rod vertically in
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equilibrium of rest may be very great, but under any force that
causes at first a slight flexure, it will lose all its rigidity and give
way, so that afterwards a less force may bend the rod to consider-
able curvature, as the bubble of the surface film may be assumed te
be bent immediately after its release.

7. In this manner, if a liquid of prescribed area, supported by sur-
rounding solids, is kept perfectly still by shading it from motion and
falling particles, its critical vapour resting quiescently in equilibrium
as perfectly as possible, may have heat applied to raise its tem-
perature far above the ordinary boiling-point before surface-
vaulting or boiling will commence, or such an amount of evapora-
tion as generally accompanies ebullition. In the case of pure water
that has been deprived of air, some experiments of Donny have
proved that this liquid may be raised to a temperature of 135° C.
without ebullition. That this is particularly due to the quiescent
state of the surface may be seen in that water thus heated will by
a touch of a needle, a particle of dust, or any other small disturb-
ing cause be thrown into a violent state of agitation, which will
not again cease until the temperature falls to 100° C. This fact shows
that it is ready to dZstend at any instant if the continuity of surface
presents at any point a greater convexity than the level plane; which
it must do in certain local positions by any disturbance caused by
intrusion of other matter at its surface.

4. Under the above conditions there will be two temperatures for
boiling, one in which the surface is agitated by rising bubbles or
by mechanical means, and another in which the liquid uniformly
or surface-heated, boils by vaulting of the quiescent surface, when
the distention overcomes the molecular cohesion. As this quiescence
can only be relative to exterior disturbing causes which are always
present in a greater or less degree in a moving atmosphere, the last
temperature is probably very high and cannot be discovered.

/. Capillary tubes placed in a bath of water so as to be gradually
heated, will elevate less water as the temperature rises, probably
from the minus elastic force of the critical fluid that rests on the
aqueous surface; but at the instant of boiling the expansile surface
force overcomes this resistance and the water darts up the tube.

Local extension of surface in the boiling of liquids.

27. PROPOSITION: Zat the vaulting of a liquid plane to jform a
surface bubble will be in instant equiltbrium when the exterior surface
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of the bubble eguéls the duplicate or triplicate or quadruplicate area of
the surface from whick it is projected.

a. By the conditions offered 16 prop. page 43, a liquid surface
will be in equilibrium when its molecules are in regular stratified
planes, possessing in this state of equilibrium surface extensile
force. If an elevating force act upon such a plane, equilibrium
cannot be restored unless the plane be expanded to quite double its
previous area, so that the one plane of molecules is intruded into the
planic series of the other, or, if the elevating force be greater, a tripli-
cate area may possibly be produced, or a quadruplicate, that is, a free
bubble. In this last case a duplicate surface may be produced by
direct intrusion of the nearest molecule beneath, and the duplicate
of this again by another like intrusion to form a free bubble, whereas
the triplicate area would cause a general frictional derangement of
the system; hence it appears that duplication is the most general
principle.

0. Upon the principles offered above, a bubble at its elevation will
at first subtend an arc of about 180 degrees, the number of aerial
molecules in the vault being the duplicate of those upon the level
surface of the liquid, or the bubble may subtend, as I find by cal-
culation, an arc of 218° 56" 30", the superficial area being the tripli-

Fig. 30.—Diagram Molecules of Bubble.

cate of the area of surface upon which it reposes. The diagram
above will represent the system theoretically, where there are double
the number of circles representing molecules in the arc to those on
the base. This form of duplication will occur in any number of
superimposed surface strata that the extensile force may elevate to
form the bubble, upon the same principle of equal intrusion as
shown for a single hypothetical series in the diagram.

c. By the equality of central attractions, as shown for internal
angles (19 prop. f, page 57), for capillary action, the meeting plane
of the bubble upon the surface will be deflected; every molecule
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using the efforts of its attractive forces to find equilibrium of radial
attraction, therefore the edge of the bubble when it rests on the
plane will be elevated, and the centre of the included area will be
depressed. There will be a constant tensile strain over the bubble
by its union to denser matter, as shown 25 prop. @, and this will
tend to depress it; but as this lowering will cause greater compres-
sion on the air included, it will generally reduce the film in thickness
only, until it breaks.

d. The following diagram will show the character of bubbles, of

B A

<) a’ b 8

Fig. 31. Fig. 32.

instant static equilibrium, Fig. 32, and, after action, of extreme tensile
strain, Fig. 31, by the action of gravitation on the plane on which it
rests for very large bubbles; this form, however, is not general.

e. A bubble may rest in static equilibrium on the surface of a
quiescent liquid if there is sufficient vapour force above it to prevent
evaporation, and if it be constructed from the surface film which
it covers, as in this case, the positions of molecules 2’ and 44 of the
diagrams above will support by their attractions the circumscribed
area of capillarity.

/- In water and most fluids the bubbles assume instantly the dupli-
cate area figure. In the agitation of cold fluids this is also general,
but very large bubbles, that have sometimes little or no vapour sup-
port, become occasionally extended as shown in Fig. 31.

g. The boiling of liquids as before proposed occurs when the
vapour force between the molecules of the liquid proper exceeds the
vapour force superimposed upon the liquid surface. So that if we
increase the vapour pressure above a liquid, its temperature may be
increased in like ratio without boiling.

/. In blowing soap-bubbles it appears that these may be increased
to indefinite size by the internal pressure of the breath, so that these
bubbles do not follow the conditions of this proposition, . In these
bubbles the water is combined with a viscid substance which permits
laminated displacements that under the tensile strain are in rapid
motion, in which they take interlaced diffusional forms, the con-
ditions of which may be observed in the polariscope by the colours
and forms produced by light passing through them.
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7. Quite independent of the mode of construction of a bubble
resting upon a like liquid plane, it will possess generally a duplicate
area to the plane beneath, as this is a figure of equilibrium between
its tensile forces and capillarity of support. 3

J- The density of the surface of a free bubble may be made evident
by its surface elasticity and non-cohesion with a like dense surface in
which it may be brought in contact, and in which the surface mole-
cular positions would have to be changed for it to enter. This I
have found may be shown by a pretty experiment with a small
bubble of soap solution blown at the end of a small pipe, from which
it may be jerked off, upon the surface of the solution in a vessel
below. In this case the bubble will often, after contact, rebound for
several times as a free elastic body. This bubble, when it enters
the liquid surface, will occasionally take for an instant of time the
triplicate area to the surface on which it reposes.

Hypothetical conditions of quiescent evaporation.

28. PROPOSITION: 7/at the extensile force of a liquid surface under
quz"escmz‘ evaporation at low lemperaiurves may form points of eva-
poration that will occupy limited areas of the entive liquid surface,
these points taking the functions of bubbles for the escape of vapour.

a. By the conditions of 26 prop. 4, a vapour forming at a surface
by heat forces would expand the surface in a certain ratio, which is
shown by the duplication of the bubble area upon parts of the sur-
face. A liquid could not evidently expand to so great an extent
under the cohesive restraint of quiescent evaporation where heat
forces were less active. I therefore offer the above purely hypo-
thetical proposition as a means of accounting for the apparent quies-
cence of a liquid under evaporation, that from certain facts and con-
ditions appear to my mind probable.

6. It is in the first instance probable that evaporation, either
quickly or slowly, is a similar mode of motion, although the case of
extreme evaporation, or boiling, will be a motion more intense in
relation to the temperature than that of a quieter evaporation. In
boiling we have, as shown in the last proposition, areas of excessive
evaporation, where the surface is thrown upwards as a bubble. If
we assume in quiescent evaporation that we have also areas of
intensity which will be proportionally less, then although these areas
may not possess sufficient surface extensile force to entirely throw
up the surface in bubbles on any part, yet they may still be
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active as a molecular compression, which may seek another mode
of expansion. This modification, I think, may probably be by a
protuberant nipple or a molecular tumerole of invisible dimensions.
¢. Under the general conditions of evaporation resulting in con-
tiguous compression of the surface of a liquid it appears to me that
the principles generally offered for the fluid state will show a nearly
sufficient cause, which will be relative to the conditions of the last
proposition. - This we may conceive in that a fluid 'is a body the
molecules of which will not bear pressure upon one side more than
upon the other without moving from the excess of pressure. The
force of gravitation will of itself, cause every molecule of a liquid to
seek the lowest point, and thereby jamb, as it were, its fellow molecule,
so that at the surface, the pressures upon the sides and bottom of every
surface molecule will be greater than the pressure upon the top of it,
although the extra pressure upon the lower surface of the top mole-
cule may be only equal to the action of gravitation upon the mass
of the superimposed molecule itself, leaving the surface molecules
in vertical equilibrium (16 prop.). Therefore, as the side pressures
will be jambing by their excess all surface molecules under every
condition, these will be in the most unstable state of equilibrium of
the liquid mass. This constant upper minus pressure and internal
jamb will influence a surface molecule to constantly move upwards
against the cohesive attractive forces surrounding it as demon-
strated for capillarity, 18 prop., particularly as it will in any pos-
sible downward movement be strongly resisted by the more solid
construction of the liquid immediately beneath it, and that it cannot
move to a lower level by its gravitation or cohesion. In this manner
also, any small movement of the aerial surface, by which one mole-
cule is made by the most infinitesimal quantity to be more prominent
from any cause than another, this molecule will tend to be ejected
from the surface by the elasticity of the system and the closing of
the lateral compressed circumferential molecules around it,and under
it, in their endeavours to restore the equilibrium of surface gravitation.
In this case the particular molecule selected may overcome cohesive
forces, and even be cjected with a force proportional to the excess
of elastic compression over cohesion of the surface molecules, which
permits them to close the space beneath it. If we imagine such
an ejected molecule in this case as one evaporated; for the further
continuity of the evaporation after the surface is broken, it only be-
comes a question whether the ejected molecule, has or has not, some
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mode of connective molecular construction with other free molecules,
or that it possesses elastic force sufficient to support itself at its
temperature above the liquid surface, so as to become a free mole-
cule, in visible vapour such as we see seething in mass over a boil-
ing liquid, or to evaporate to a gas after its ejection.

d. Under any conditions, if the elastic surface force is sufficient
to eject any slightly distended liquid molecule, we may observe that
as soon as this molecule is free, the-entire surface of the molecule
will now be exposed to evaporation by the perfect release from
the hydrostatic forces that surrounded it formerly when it was a
part of the liquid system, so that it will not again interfere with the
surface from which it was ejected, unless it is pressed into it.

e. By the above theoretical considerations it appears to me that
there may be only a certain number of points under quiescent
evaporation in which the liquid evaporates, although this number
will be at all times very great, and that these points will, by the
principles of surface extension, be equivalent to molecular bubbles, or
perhaps, tumeroles. At the position of such constantly forming
bubbles or tumeroles the evaporation may be carried on by a con-
stant ejection of molecules separately. The series of molecules
occupying the surface next beneath the extreme surface would in
this case fill up the gap formed by the extruded molecule, and by
the lateral surrounding pressures these would again be in a condition
to eject the newly-intruded molecule. Then, as the molecules
beneath will be thrown out of equilibrium, and those on the surface
also, the protrusion of one molecule would form a minute bubble or
nipple, to which the expansive force of the system would tend con-
stantly to press others, and the nipple being the most free point,
it would be the point of ejection of all the near molecules con-
stantly as they arrived. The same principles of motion may be
observed by pressing a series of balls in a groove; the balls of the
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